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Abstract 
The typically arid climates in the likely locations for renewable thermal power plants such as 
Concentrating Solar Thermal (CST) power plants provide the motivation for dry cooling technology 
applications. Natural draft dry cooling tower (NDDCT) with low maintenance cost and no parasitic 
power consumption offers a feasible and cost effective option for such applications. Compared with 
the conventional coal fired and nuclear power plants, the size of the CST power plant proposed for 
Australian regional communities is much smaller. However, the existing cooling tower design is 
optimised for large steam power plants, and is not optimal for these renewable power plants. To help 
address this issue, Queensland Geothermal Energy Centre of Excellence (QGECE) at The University 
of Queensland was developing the small NDDCT technology for renewable power plants. A 20 m 
high NDDCT was built on the Gatton campus of the University of Queensland as testing base for 
developing dry cooling technologies for future small scale (<10 MWe) CST power plants. Using both 
numerical simulations and full-scale experimental tests, this thesis investigated the cooling 
performance of this small NDDCT in different ambient conditions, discussed the feasibility of the 
small NDDCT in CST power plant, identified two specific potential cooling issues for the small 
NDDCT and proposed the mitigation solutions. The main findings of this thesis are summarized as 
following: 
(1) This research developed the 1D analytical model and the 3D CFD model of the 20 m high Gatton 
NDDCT. The cooling performance of this cooling tower is investigated under different ambient 
temperatures, different hot water inlet temperatures and different crosswind speeds. The results show 
that both ambient temperature and the crosswind have significant influence on the performance of the 
cooling tower.  
(2) The performance of the experimental tower was tested at two constant heat loads of 600 kW and 
840 kW, respectively, with various ambient temperatures. The 1D numerical model was refined and 
validated with the experimental data. The thermodynamic model of a 1 MW CST power plant running 
with sCO2 cycle was developed and integrated with the updated cooling tower model. Significant 
differences were observed between the steam Rankine and sCO2 cycles in terms of the effect of the 
ambient temperature on power generation. The differences between steam Rankine and sCO2 Brayton 
cycle in this context were analysed and discussed. 
(3) Two potential cooling issues with small NDDCT, the crosswind and the cold inflow, were 
identified and the detail experimental data were presented. The crosswind effect on small cooling 
tower is different from the conventional big cooling towers. With the increase of the crosswind speed, 
the overall cooling performance of the small NDDCT first decreases and then increases. The mixed 
convection theory and the Richardson Number were proposed to explain this phenomenon. On the 
other hand, repeated cold inflow events were observed during the tests, which cause a significant 
decrease of the air temperature inside the cooling tower. The water outlet temperature can be 
increased up to 3°C as a result of the cold inflow effect. Further analysis of the mechanism shows 
that the cold air incursion at the top of the cooling tower could decrease the driving force and also 
form an extra flow resistance for the airflow through the heat exchanger. 
(4) Based on the working mechanism of the air-cooled heat exchanger and the crosswind effect on 
NDDCT, this study proposed a new method to increase the cooling performance of NDDCT under 
crosswind conditions by optimizing the water mass flow rate in the air-cooled heat exchangers. By 
optimising the water distribution, the water outlet temperature of each heat exchanger is more uniform 
and the adversely influence of the crosswind can be effectively relieved. 
The findings in this paper can lay an important foundation for future small cooling tower design and 
operation. 
Declaration by author 
 
This thesis is composed of my original work, and contains no material previously published or written 
by another person except where due reference has been made in the text. I have clearly stated the 
contribution by others to jointly-authored works that I have included in my thesis. 
 
I have clearly stated the contribution of others to my thesis as a whole, including statistical assistance, 
survey design, data analysis, significant technical procedures, professional editorial advice, financial 
support and any other original research work used or reported in my thesis. The content of my thesis 
is the result of work I have carried out since the commencement of my higher degree by research 
candidature and does not include a substantial part of work that has been submitted to qualify for the 
award of any other degree or diploma in any university or other tertiary institution. I have clearly 
stated which parts of my thesis, if any, have been submitted to qualify for another award. 
 
I acknowledge that an electronic copy of my thesis must be lodged with the University Library and, 
subject to the policy and procedures of The University of Queensland, the thesis be made available 
for research and study in accordance with the Copyright Act 1968 unless a period of embargo has 
been approved by the Dean of the Graduate School.  
 
I acknowledge that copyright of all material contained in my thesis resides with the copyright holder(s) 
of that material. Where appropriate I have obtained copyright permission from the copyright holder 
to reproduce material in this thesis and have sought permission from co-authors for any jointly 
authored works included in the thesis. 
 
Publications during candidature 
 
First author peer-reviewed journal papers: 
 
1. X. Li, Z. Guan, H. Gurgenci, Y. Lu, S. He, Simulation of the UQ Gatton natural draft dry 
cooling tower, Applied Thermal Engineering 105 (2016) 1013-1020. 
2. X. Li, S. Duniam, H. Gurgenci, Z. Guan, A. Veeraragavan, Full scale experimental study of 
a small natural draft dry cooling tower for concentrating solar thermal power plant, Applied 
Energy 193 (2017) 15-27. 
3. X. Li, H. Gurgenci, Z. Guan, X.Wang, S. Duniam, Measurements of Crosswind Influence on 
a Natural Draft Dry Cooling Tower for a Solar Thermal Power Plant, Applied Energy 206 
(2017) 1169-1183  
4. X. Li, H. Gurgenci, Z. Guan, Y. Sun, Experimental Study of Cold Inflow Effect on a Small 
Natural Draft Dry Cooling Tower, Applied Thermal Engineering 128 (2018) 762-771. 
5. X. Li, L. Xia, H. Gurgenci, Z. Guan, Performance enhancement for the natural draft dry 
cooling tower under crosswind condition by optimizing the water distribution, International 
Journal of Heat and Mass Transfer 107 (2017) 271-280 
 
Co-authored peer-reviewed journal paper: 
 
6. Y. Sun, Z. Guan, H. Gurgenci, X. Li, K. Hooman, A study on multi-nozzle arrangement for 
spray cooling system in natural draft dry cooling tower, Applied Thermal Engineering 124 
(2017) 795-814. 
7. Y. Sun, Z. Guan, H. Gurgenci, K. Hooman, X. Li, L. Xia, Investigation on the influence of 
injection direction on the spray cooling performance in natural draft dry cooling tower, 
International Journal of Heat and Mass Transfer 110 (2017) 113-131 
8. Z. Zou, H. Gong, X. Lie, X. Li, Y. Yang, Numerical investigation of the crosswind effects on 
the performance of a hybrid cooling-tower-solar-chimney system, Applied Thermal 
Engineering 126 (2017) 661-669. 
 
Conference Papers 
1. X. Li, Z. Guan, H. Gurgenci, CFD Simulation of a Small Natural Draft Dry Cooling Tower, 
in:  9th Australian Natural Convection Workshop, Monash University, Melbourne, Australia, 
2015 
2. X. Li, H. Gurgenci, Z. Guan, Performance Comparison of the Crosswind Effect on Different 
Size of Natural Draft Dry Cooling Towers, in:  International Conference on Industrial 
Chimneys and Cooling Towers, Rotterdam, Netherlands, 2016. 
 
Publications included in this thesis 
X. Li, Z. Guan, H. Gurgenci, Y. Lu, S. He, Simulation of the UQ Gatton natural draft dry cooling 
tower, Applied Thermal Engineering 105 (2016) 1013-1020 – incorporated as Chapter 3.  
 
Contributor Statement of contribution 
Xiaoxiao Li 
Conception and design (70%) 
Analysis and interpretation (70%) 
Drafting and production (70%) 
Zhiqiang Guan 
Conception and design (10%) 
Analysis and interpretation (10 %) 
Drafting and production (10%) 
Hal Gurgenci 
Conception and design (10%) 
Analysis and interpretation (10%) 
Drafting and production (10%) 
Yuanshen Lu 
Conception and design (5%) 
Analysis and interpretation (5%) 
Drafting and production (5%) 
Suoying He 
Conception and design (5%) 
Analysis and interpretation (5%) 
Drafting and production (5%) 
 
X. Li, S. Duniam, H. Gurgenci, Z. Guan, A. Veeraragavan, Full scale experimental study of a small 
natural draft dry cooling tower for concentrating solar thermal power plant, Applied Energy 193 
(2017) 15-27. – incorporated as Chapter 4. 
 
Contributor Statement of contribution 
Xiaoxiao Li 
Conception and design (65%) 
Analysis and interpretation (65%) 
Drafting and production (70%) 
Sam Duniam 
Conception and design (10%) 
Analysis and interpretation (10 %) 
Drafting and production (10%) 
Hal Gurgenci 
Conception and design (15%) 
Analysis and interpretation (15%) 
Drafting and production (15%) 
Zhiqiang Guan 
Conception and design (5%) 
Analysis and interpretation (5%) 
Drafting and production (5%) 
Anand Veeraragavan 
Conception and design (5%) 
Analysis and interpretation (5%) 
 
X. Li, H. Gurgenci, Z. Guan, X.Wang, S. Duniam, Measurements of Crosswind Influence on a 
Natural Draft Dry Cooling Tower for a Solar Thermal Power Plant, Applied Energy 206 (2017) 1169-
1183– incorporated as Chapter 5. 
Contributor Statement of contribution 
Xiaoxiao Li 
Conception and design (65%) 
Analysis and interpretation (65%) 
Drafting and production (65%) 
Hal Gurgenci 
Conception and design (20%) 
Analysis and interpretation (15%) 
Drafting and production (15%) 
Zhiqiang Guan 
Conception and design (10%) 
Analysis and interpretation (10%) 
Drafting and production (10%) 
Xurong Wang 
Analysis and interpretation (5%) 
Drafting and production (5%) 
Sam Duniam 
Conception and design (5%) 
Analysis and interpretation (5%) 
Drafting and production (5%) 
 
X. Li, H. Gurgenci, Z. Guan, Y. Sun, Experimental Study of Cold Inflow Effect on a Small Natural 
Draft Dry Cooling Tower, Applied Thermal Engineering 128 (2017) 762-771 – incorporated as 
Chapter 5. 
 
Contributor Statement of contribution 
Xiaoxiao Li 
Conception and design (65%) 
Analysis and interpretation (65%) 
Drafting and production (70%) 
Hal Gurgenci 
Conception and design (20%) 
Analysis and interpretation (20%) 
Drafting and production (20%) 
Zhiqiang Guan 
Conception and design (10%) 
Analysis and interpretation (10%) 
Drafting and production (10%) 
Yubiao Sun 
Conception and design (5%) 
Analysis and interpretation (5%) 
 
X. Li, L. Xia, H. Gurgenci, Z. Guan, Performance enhancement for the natural draft dry cooling tower 
under crosswind condition by optimizing the water distribution, International Journal of Heat and 
Mass Transfer 107 (2017) 271-280 – incorporated as Chapter 6. 
Contributor Statement of contribution 
Xiaoxiao Li 
Conception and design (60%) 
Analysis and interpretation (60%) 
Drafting and production (60%) 
Lin Xia 
Conception and design (20%) 
Analysis and interpretation (20%) 
Drafting and production (20%) 
Hal Gurgenci 
Conception and design (10%) 
Analysis and interpretation (10%) 
Drafting and production (10%) 
Zhiqiang Guan 
Conception and design (10%) 
Analysis and interpretation (10%) 
Drafting and production (10%) 
 
 
 
 
 
 
 
Contributions by others to the thesis  
Professor Hal Gurgenci and Dr. Zhiqiang Guan are the main co-authors of my journal publications 
incorporated in this thesis. 
 
 
 
 
Statement of parts of the thesis submitted to qualify for the award of another degree 
 
None 
 
 
 
 
 
 
 
 
 
Research Involving Human or Animal Subjects  
 
 “No animal or human participants were involved in this research”. 
Acknowledgements 
 
At first, I would like to express my sincere thanks to my supervisors: Professor Hal Gurgenci and Dr 
Zhiqiang Guan. My supervisors not only provided me the opportunity to start my PhD at this world-
class university, but also gave me countless care and help in my PhD study. Their attitudes toward 
life, work and family gave me a far-reaching impact for my future life and career. In addition, I would 
like to thank my undergraduate and graduate supervisor, Prof. Danxing Zheng. The academic training 
and experience I received in Beijing lays an important foundation for my PhD study in UQ. 
 
My lovely family is another important reason that I can successfully finish my PhD study. The love 
and expectation from my family is a powerful motivator for me to finish my study. They also let me 
realised that the harmonious family is the foundation of a successful career. 
 
Thanks all the colleagues of our school and our research group. The countless discussions, seminars 
during my PhD study are the most important sources for me to learn this subject and my thesis project. 
Thanks Berto Di Pasquale, Peter Bleakley and Hugh Russel for providing technical support during 
my experimental tests. I also want to thank all of my friends in Brisbane. We have many great and 
unforgettable moments in the last three years. I will keep these unforgettable memories for the rest of 
life.  
 
Finally, I would like to thank Australian Renewable Energy Agency (ARENA) and China Scholarship 
Council (CSC) for their financial support. 
  
Financial support 
 
This research was performed as part of the Australian Solar Thermal Research Initiative (ASTRI), a 
project supported by Australian Government, through the Australian Renewable Energy Agency 
(ARENA).  
 
The author of this thesis, Xiaoxiao Li, would also like to thank China Scholarship Council (CSC) for 
their financial support. 
 
  
Keywords 
 
solar thermal power, natural draft dry cooling tower, air-cooled heat exchanger, heat transfer, 
crosswind 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
 
ANZSRC code: 091505, Heat and Mass transfer Operations, 50% 
ANZSRC code: 091305, Energy Generation, Conversion and Storage Engineering, 50% 
 
Fields of Research (FoR) Classification 
 
FoR code: 0913, Mechanical Engineering, 50% 
FoR code: 0915, Interdisciplinary Engineering, 50% 
 
 
 
Contents 
List of Figures ..................................................................................................................................... I 
List of Tables ..................................................................................................................................... V 
Nomenclature .................................................................................................................................. VI 
Chapter 1 Introduction .................................................................................................................. 1 
1.1 Research background ............................................................................................................ 1 
1.2 Research objectives ............................................................................................................... 2 
1.3 Thesis Structure ..................................................................................................................... 2 
Chapter 2 Literature review .......................................................................................................... 4 
2.1 Concentrating solar thermal power generation system with SCO2 Brayton cycle ................ 4 
2.2 Review of the crosswind effect on natural draft cooling tower ............................................ 7 
2.2.1 Introduction .................................................................................................................... 8 
2.2.2 Research methodologies .............................................................................................. 10 
2.2.3 Crosswind effect on the thermal performance of natural draft cooling tower ............. 23 
2.2.4 Crosswind effect on the NDDCTH .............................................................................. 23 
2.2.5 Crosswind effect on the NDDCTV .............................................................................. 30 
2.2.6 Crosswind effect on performance of NDWCT ............................................................ 38 
2.2.7 Mitigation Technologies .............................................................................................. 45 
2.2.8 Conclusion ................................................................................................................... 56 
Chapter 3 Numerical study of the small natural draft dry cooling tower .............................. 57 
3.1 Introduction ......................................................................................................................... 58 
3.2 1-D simulations ................................................................................................................... 60 
3.3 3-D CFD modelling ............................................................................................................. 63 
3.3.1 Mesh and geometry ...................................................................................................... 63 
3.3.2 Boundary condition ...................................................................................................... 64 
3.3.3 Governing Equations.................................................................................................... 65 
3.4 Results and discussions ....................................................................................................... 66 
3.4.1 1-D simulation result .................................................................................................... 66 
3.4.2 3-D simulation result .................................................................................................... 68 
3.5 Conclusions ......................................................................................................................... 75 
Chapter 4 Experimental verification and coupled-system modelling ..................................... 76 
4.1 Introduction ......................................................................................................................... 77 
4.2 Experimental System ........................................................................................................... 80 
4.2.1 Cooling tower configuration ........................................................................................ 80 
4.2.2 Air-cooled heat exchanger ........................................................................................... 81 
4.2.3 Heating system ............................................................................................................. 83 
4.2.4 Control and measure system ........................................................................................ 84 
4.3 Experimental data and cooling tower modelling ................................................................. 86 
4.3.1 General performance of the cooling tower .................................................................. 86 
4.3.2 The startup phase of the cooling tower ........................................................................ 87 
4.3.3 Steady state performance of the cooling tower ............................................................ 88 
4.3.4 Refine and validation of the cooling tower model ....................................................... 90 
4.4 Power cycle modelling ........................................................................................................ 95 
4.4.1 Configuration of the power cycle................................................................................. 95 
4.4.2 Modelling assumptions and parameters ....................................................................... 96 
4.4.3 System optimization ..................................................................................................... 97 
4.4.4 Modelling results and discussion ................................................................................. 98 
4.5 Conclusion ......................................................................................................................... 102 
Chapter 5 Cooling issues for small natural draft dry cooling tower ..................................... 103 
5.1 Crosswind effect on small natural draft dry cooling tower ............................................... 103 
5.1.1 Introduction ................................................................................................................ 105 
5.1.2 Air temperature distribution under crosswind condition ........................................... 107 
5.1.3 Crosswind effect on the performance of air-cooled heat exchanger and the cooling 
tower........................................................................................................................... 114 
5.1.4 Crosswind effect on the performance of the power system ....................................... 123 
5.1.5 Conclusion ................................................................................................................. 124 
5.2 Cold inflow effect on natural draft dry cooling tower ....................................................... 126 
5.2.1 Introduction ................................................................................................................ 127 
5.2.2 Experimental data of the cold air inflow .................................................................... 129 
5.2.3 Discussion .................................................................................................................. 135 
5.2.4 Conclusion ................................................................................................................. 141 
Chapter 6 A new crosswind mitigation method ...................................................................... 143 
6.1 Introduction ....................................................................................................................... 144 
6.2 Cooling tower modelling ................................................................................................... 147 
6.2.1 Numerical solver ........................................................................................................ 147 
6.2.2 Mesh and boundary condition .................................................................................... 148 
6.2.3 Modelling validation .................................................................................................. 149 
6.3 Water distribution method in NDDCT .............................................................................. 150 
6.3.1 Crosswind effect on the air-cooled heat exchanger ................................................... 150 
6.3.2 Working mechanism of the water distribution method .............................................. 153 
6.4 Result and discussion ........................................................................................................ 157 
6.5 Conclusion ......................................................................................................................... 163 
Chapter 7 Conclusion and future work.................................................................................... 164 
7.1 Summary ........................................................................................................................... 164 
7.2 Main contributions ............................................................................................................ 165 
7.3 Recommendations for future work: ................................................................................... 165 
References  .................................................................................................................................... 167 
 
 
 
I 
 
List of Figures 
 
Figure 2-1 A typical concentrated solar thermal power plant .............................................................. 4 
Figure 2-2 Australia Grid distribution ................................................................................................. 5 
Figure 2-3 Configuration of the natural draft cooling towers: (a) NDWCT (b) NDDCT ................... 9 
Figure 2-4 Wind tunnel in Gatton campus of The University of Queensland ................................... 12 
Figure 2-5 A lab-scale NDDCT with visible smoke: (a) Windless condition (b) Crosswind condition
 ............................................................................................................................................................ 14 
Figure 2-6 Geometry diagram of a NDDCT CFD model .................................................................. 18 
Figure 2-7 Air-cooled heat exchangers in the NDDCT: (a) Horizontal arrangement (b) Vertical 
arrangement ........................................................................................................................................ 23 
Figure 2-8 Air velocity distribution of the NDDCT in windless condition [59] (a) Heat exchanger 
plane (b) Vertical plane in the centre of the cooling tower ................................................................ 24 
Figure 2-9 Aerodynamic behaviours and heat exchanger performances of a 20 m NDDCT when 
crosswind speed is 4 m/s [62, 66]: (a) Pressure contour below the heat exchanger (b) Heat flux contour 
of the heat exchanger (c) Velocity vector inside the cooling tower (d) Temperature contour inside the 
cooling tower...................................................................................................................................... 25 
Figure 2-10 Heat flux contour of the heat exchanger bundles at different crosswind speed [66] ..... 26 
Figure 2-11 Air speed and temperature distribution of a 195 m NDDCT working in the windless 
condition [27]: (a) Air velocity distribution (b) Air temperature distribution ................................... 30 
Figure 2-12 Velocity vector and pressure distribution of a 170 m NDDCT [69] .............................. 31 
Figure 2-13 Heat exchanger performance of a 172 m NDDCTV in different crosswind speed [46]: (a) 
Hot water outlet temperature versus crosswind speed (b) Geometry of the cooling delta distribution
 ............................................................................................................................................................ 32 
Figure 2-14 ∆Tapproach versus Richardson Number of the NDDCT .................................................... 37 
Figure 2-15 Configuration of the NDWCT: (a) Counter flow (b) Crossflow .................................... 38 
Figure 2-16 Contour of flow field of the NDWCT at windless condition: (a) air temperature, (b) air 
path lines [81]..................................................................................................................................... 39 
Figure 2-17 The detail heat exchange performance in different zones inside a NDWCT [50] ......... 41 
Figure 2-18 The overall performance of NDWCT in crosswind condition: (a) Lab-scale tests on a 
0.85 m tower [85] (b) CFD simulation on a 129 m tower [50] .......................................................... 42 
Figure 2-19 Interior windbreak wall: (a) Cross walls (b) Tri-blade-like wall ................................... 46 
II 
 
Figure 2-20 External windbreak wall configurations (a) Side windbreak wall (b) Enclosure (c) Wind 
deflectors ............................................................................................................................................ 47 
Figure 2-21 Combined windbreak wall : (a)Combined wall for NDDCTH (b) Combined wall for 
NDDCTV ........................................................................................................................................... 48 
Figure 2-22 New cooling tower geometry to mitigate the crosswind effect: (a) Oblique stack (b) 
elliptical cooling tower....................................................................................................................... 50 
Figure 2-23 Heat exchanger layout: (a) radial pattern (b) rectangular pattern .................................. 52 
Figure 2-24 Hot water outlet temperature distribution of a 20m NDDCT ........................................ 53 
Figure 3-1 Gatton cooling tower configuration ................................................................................. 60 
Figure 3-2 Flow chart of the iteration process of the 1D model ........................................................ 63 
Figure 3-3 Geometry diagram of the 3-D model ............................................................................... 64 
Figure 3-4 The air mass flow rate of the Gatton NDDCT at different ambient temperature ............. 67 
Figure 3-5 The heat rejection rate of the Gatton NDDCT at different ambient temperature ............ 67 
Figure 3-6 Comparison between the 1-D model and the 3-D model: ■ ma calculated by 1-D model 
□ ma calculated by 1-D model ● Tao calculated by 1-D model ○ Tao calculated by 3-D model .... 69 
Figure 3-7 3-D steam lines of the cooling tower in different crosswind condition ........................... 70 
Figure 3-8 Pressure contour at the bottom of the heat exchanger at crosswind speed of 0 m/s and 4 
m/s ...................................................................................................................................................... 71 
Figure 3-9 The temperature contour of the tower in different crosswind condition .......................... 72 
Figure 3-10 The heat transfer rate of the heat exchanger when crosswind speed is 0 m/s, 3 m/s, 8 m/s 
and 10 m/s .......................................................................................................................................... 72 
Figure 3-11 Heat rejection ratio and air mass flow rate at different crosswind condition: ■, heat 
rejection rate, ●, air mass flow rate .................................................................................................. 73 
Figure 3-12 Air mass flow rate of each heat exchanger bundle when crosswind is 0 m/s and 6 m/s 75 
Figure 4-1 Configuration of Gatton cooling tower ............................................................................ 81 
Figure 4-2 Heat exchanger bundle layout .......................................................................................... 81 
Figure 4-3 Heat exchanger bundle arrangement ................................................................................ 82 
Figure 4-4 Hot water control system.................................................................................................. 84 
Figure 4-5 Test sensors distribution ................................................................................................... 85 
Figure 4-6 General performance of the NDDCT at 15.5 kg/s water mass flow and 845 kW heat input
 ............................................................................................................................................................ 86 
Figure 4-7 General performance of the NDDCT at 7.25 kg/s water mass flow and 845 kW heat input
 ............................................................................................................................................................ 87 
III 
 
Figure 4-8 The startup of the cooling tower ...................................................................................... 88 
Figure 4-9 Steady state performance of the cooling tower ................................................................ 89 
Figure 4-10 Air temperature distribution in the cooling tower .......................................................... 92 
Figure 4-11 The measured and manufacturer heat transfer coefficients ............................................ 93 
Figure 4-12 Performance of the cooling tower at 845 kW with 15.5 kg/s water mass flow. ............ 94 
Figure 4-13 Performance of the cooling tower at 845 kW with 7.25 kg/s water mass flow ............. 94 
Figure 4-14 Performance of the cooling tower at 600 kW with 15.5 kg/s water mass flow ............. 95 
Figure 4-15 The simple recuperated Brayton cycle indirectly cooled by the Gatton cooling tower . 96 
Figure 4-16 Cycle thermal efficiency versus cooling water and CO2 mass flow rate ....................... 97 
Figure 4-17 Cycle net power generation versus cooling water and CO2 mass flow rate ................... 97 
Figure 4-18 Cycle temperatures for each of the 𝑚𝐶𝑂2 cases, for PCIT (pre-cooler inlet temperature) 
and CIT versus 𝑚𝑐𝑤 .......................................................................................................................... 98 
Figure 4-19 Performance of the power cycle versus different ambient temperature ......................... 99 
Figure 4-20 T-s diagram of the sCO2 cycle at two different ambient temperatures for 𝑚𝐶𝑂2=10 kg/s
 .......................................................................................................................................................... 100 
Figure 4-21(a) Compressor temperature change versus ambient temperature (b) sCO2 enthalpy versus 
temperature showing main compressor trajectory ........................................................................... 101 
Figure 4-22 Compressor power consumption versus ambient temperature ..................................... 101 
Figure 5-1 General performance of the cooling tower ..................................................................... 108 
Figure 5-2 Air temperature contour inside the cooling tower at 2.2 m/s crosswind: (a) Bottom level 
(beyond the heat exchanger) (b) Middle level (c) Top level (d) Vertical central section ................ 109 
Figure 5-3 Air temperature contour inside the cooling tower at 5.5 m/s crosswind: (a) Bottom level 
(beyond the heat exchanger) (b) Middle level (c) Top level (d) Vertical central section ................ 110 
Figure 5-4 Air temperature contour inside the cooling tower at 8.5 m/s crosswind: (a) Bottom level 
(beyond the heat exchanger) (b) Middle level (c) Top level (d) Vertical central section ................ 110 
Figure 5-5 Air temperature variation under the heat exchanger with 2.2 m/s crosswind ................ 111 
Figure 5-6 Air temperature variation under the heat exchanger with 5.5 m/s crosswind ................ 112 
Figure 5-7 Air temperature variation under the heat exchanger with 8.3 m/s crosswind ................ 112 
Figure 5-8 Cooling tower performance variation in the start-up phase ........................................... 113 
Figure 5-9 CFD simulation result of air temperature contour and vector of the cooling tower under 5 
m/s crosswind. .................................................................................................................................. 114 
Figure 5-10 Heat exchanger performance variation of each heat exchanger bundle ....................... 115 
Figure 5-11 CFD simulation result of temperature contour of the heat exchanger bundles ............ 116 
IV 
 
Figure 5-12 Overall cooling tower performance versus crosswind speed ....................................... 118 
Figure 5-13 Comparison of the heat exchanger performance in different crosswind ...................... 119 
Figure 5-14 Comparison between the experimental data and Hooman’s model ............................. 120 
Figure 5-15 The simple recuperated Brayton cycle indirectly cooled by the Gatton cooling tower123 
Figure 5-16 Performance of the power cycle versus different crosswind speed and different ambient 
temperature....................................................................................................................................... 124 
Figure 5-17 General performance of the cooling tower at different ambient temperatures ............ 130 
Figure 5-18 Air temperature distribution at the top level: Phase A ................................................. 131 
Figure 5-19 Air temperature distribution at the middle level: Phase A ........................................... 131 
Figure 5-20 Air temperature distribution at the bottom level: Phase A ........................................... 132 
Figure 5-21 The detailed performance of the cooling tower suffering cold air inflow: .................. 133 
Figure 5-22 The performance of the cooling tower suffering cold inflow: ..................................... 134 
Figure 5-23 Cold incursion effect comparison ................................................................................ 138 
Figure 5-24 Single process of the cold air incursion ....................................................................... 139 
Figure 6-1 Comparison between the CFD result and the model experiment ................................... 150 
Figure 6-2 The pressure contour underneath the heat exchanger .................................................... 151 
Figure 6-3 Air mass flow rate distribution under different crosswind speeds ................................. 152 
Figure 6-4 Heat flux contour of the heat exchanger bundles at different crosswind speed ............. 153 
Figure 6-5 The performance of the heat exchanger is different water/air mass flow ratio .............. 156 
Figure 6-6 Hot water outlet temperature distribution in each heat exchanger ................................. 159 
Figure 6-7 Heat rejection comparison of each heat exchanger ........................................................ 160 
Figure 6-8 Overall cooling performance of NDDCT with and without the water distribution ....... 161 
Figure 6-9 Average water outlet temperature of NDDCT with and without the water distribution 162 
 
  
V 
 
List of Tables 
 
Table 2-1 Scaling parameters in cooling tower modelling ................................................................ 12 
Table 2-2 The governing equation of k-ε model ................................................................................ 18 
Table 2-3 Crosswind effect on the NDDCTH ................................................................................... 29 
Table 2-4 Crosswind effect on the NDDCTV ................................................................................... 33 
Table 2-5 Crosswind effect on the thermal performance of NDWCT ............................................... 42 
Table 2-6 Summarise of the crosswind mitigation technologies ....................................................... 55 
Table 3-1 The 3-D governing equation parameter ............................................................................. 65 
Table 4-1 The detailed data for the heat exchanger ........................................................................... 82 
Table 4-2 The Sensors/instruments used in the measure system ....................................................... 85 
Table 4-3 Performance of the cooling tower with nominal 845 kW input and 15.5 kg/s water mass 
flow rate ............................................................................................................................................. 89 
Table 4-4 Performance of the cooling tower with average 845 kW and 7.25 kg/s water mass flow rate
 ............................................................................................................................................................ 90 
Table 4-5 Performance of the cooling tower with 600 kW and 15.5 kg/s water mass flow rate ....... 90 
Table 4-6 Assumed values used for cycle and component modelling. .............................................. 96 
Table 5-1 Reynold’s number and the Grashof number in different wind condition ........................ 121 
Table 5-2 Contribution of bottom surface heat rejection in different wind condition ..................... 122 
Table 5-3 Cold air incursion effect on the performance of the cooling tower ................................. 135 
Table 6-1 Water/air mass flow ratio of each heat exchanger bundle ............................................... 157 
Table 6-2 The performance comparison of two heat exchangers when crosswind is 4 m/s ............ 161 
 
  
VI 
 
Nomenclature 
 
A   Area (m2) 
c  Correlation coefficient 
Cp   Specific heat (J kg-1 K-1) 
d   Diameter (m) 
F  Force (N) 
Fr  Froude number 
f  Friction factor 
Gr  Grashof number 
h  Heat transfer coefficient (kW/m2  K) 
i   Enthalpy (kj/kg) 
H   Height, elevation (m) 
K   Flow resistance 
L  Length (m) 
Le  Lewis factor 
𝑚  Mass flow rate (kg/s) 
n  Number 
Nu  Nusselt number 
p   Pressure (Pa) 
Pr  Prandtl Number 
Q   Heat transfer rate (kW) 
q   Heat flux (kW m-2) 
Re  Reynolds number 
Ri  Richardson number 
S  momentum sink 
T   Temperature (°C) 
U  Overall heat transfer coefficient (kW/m2  K) 
v   Velocity (m s-1) 
 
Greek letters  
ρ  Density, mean density (kg m-3) 
α  Permeability 
VII 
 
∆  Property difference  
𝜀  Effectiveness 
μ  Viscosity (Pa.s) 
Subscripts 
a, w  Air side, water side 
bot  Bottom measurement level 
d  Droplet 
e   Effective 
i, o   Inside or inlet, outside or outlet 
t   Tube 
T  Tower 
r  Radiator 
u   Over all 
0   Reference value 
ts  Tower support 
ctc  Heat exchanger compact 
cte  Heat exchanger expansion 
cto  Tower outlet 
1,2,3,4,5  Different location of cooling tower 
 
Vectors 
F

  Force  
v

  Velocity  
kji

,,  Unit vectors of x-, y-, z- direction in Cartesian 
coordinate system 
Acronyms 
ASTRI       Australian Solar Thermal Research Initiative 
CST       Concentrating solar thermal 
CFD       Computational Fluid Dynamics 
DPM        Discrete phase modelling 
NDDCT      Natural draft dry cooling tower 
VIII 
 
 
NDDCTH   Natural draft dry cooling tower with horizontally arranged heat exchanger 
NDDCTV  Natural draft dry cooling tower with vertically arranged heat exchanger 
NDWCT      Natural draft wet cooling tower 
ORC       Organic Rankine cycle 
QGECE    The Queensland Geothermal Energy Centre of Excellence 
RANS       Reynolds-time averaged Navier-Stokes 
SIMPLE     Semi-implicit method for pressure linked equations 
sCO2       Supercritical CO2 
 
 
1 
 
Chapter 1 Introduction 
 
1.1 Research background 
The concern over the depletion of fossil fuels and greenhouse emissions provide the motivation for 
seeking alternative energy sources. Solar energy is the most abundant, reliable and cleanest form of 
energy. Australia owns the world’s most abundant solar energy resource. However, solar power only 
contribute less than 2% of Australia's electrical energy even though there are vast regions of Australia 
have the continuously sunshine [1]. The major difficulty to utilize the solar energy is the cost of this 
energy system.  
Due to the population distribution of Australia, there are vast remote areas with isolated communities 
and mining sites that are off-grid and currently rely on diesel power generation. Replacement of diesel 
with Concentrating Solar Thermal (CST) is commercially feasible but requires CST technology 
suitable for down scaling [2]. Thus, the Australian Solar Thermal Research Initiative (ASTRI) is 
developing scaleable and modular CST power generation system, which is believed to be a cost 
effective system and can be utilized in the remote parts of Australia.  
For any of thermal power generation system, discharging the waste heat is an integral process and its 
performance significantly influences the performance of the system [3]. Cooling tower is the heat 
rejection device in most of the thermal power plants [4]. With respect to the heat transfer mechanism, 
the cooling towers can be classified into two types: wet cooling towers and dry cooling towers. Wet 
cooling towers combine the heat and mass transfer to cool hot water. Water is cooled (by evaporating) 
through the distribution in the tower by spray nozzles, splash bars or film fill. The evaporation process 
requires a large amount of energy due to high latent heat of the water. Heat is absorbed and the 
temperature of the water decreases. On the other hand, the heat discharge process in the dry cooling 
towers is by the aid of the air-cooled heat exchanger or air cooler. The extended surfaces or finned 
tubes offer a large contact area between the ambient air and the hot water. The heat transferred due 
to the temperature difference between the hot water and the ambient air. 
The CST power plants proposed for Australian regional community will have smaller capacities and 
are likely to be located in areas with strong direct normal irradiance (DNI), but short of fresh water 
supplies. For such plants, short natural draft dry cooling tower (NDDCT) technology which feature 
no water losses and virtually no parasitic power consumption offers a cost effective option [5]. In a 
NDDCT, instead of using the mechanical fans, the driving force for the airflow through cooling tower 
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is the air density difference between the inside and outside of the tower. The “stack effect” forms a 
stable airflow through the heat exchangers located inside the tower, resulting in the removal of heat 
from the heat exchangers.  
The conventional NDDCTs are designed and optimised for large steam power plants, where the 
cooling towers are usually more than 100 m, and are not optimal for short tower. To fill this gap, the 
University of Queensland School of Mechanical Engineering has been developing relatively small 
NDDCT for small renewable thermal power generation applications [6]. This thesis mainly reports 
on the numerical and experimental results obtained on a 20-m NDDCT designed for a future 1MWe 
CST power plant using a sCO2 Brayton cycle.  
1.2 Research objectives 
The aim of this study is to investigate the feasibility of using short NDDCTs in small size CST power 
plant and to identify the potential issues and solutions. The specific objectives are: 
1. Critical review the existing research on CST power plant and NDDCT technologies. According to 
the literature survey, choose the feasible numerical models and test strategies to investigate the 
performance of short NDDCT.  
2. Establish both 1-D and 3-D simulation models of the 20-m Gatton NDDCT. Understand the 
underlying working mechanism of the NDDCT. 
3. Experimentally study the performance of the short NDDCT under different ambient conditions and 
identify the potential cooling issues related to small size NDDCT. 
4. Integrate the NDDCT performance with the small CST power plant.  
5. Based on the experimental and simulation result, propose feasible methods to deal with the cooling 
issues. 
1.3 Thesis Structure 
 Chapter 1 presents the research background, research objective and the structure of this thesis; 
 Chapter 2 is the literature review on the existing research related to this thesis. In this chapter, 
the research progress of the solar thermal power generation technology, the background of 
natural draft cooling tower, the common research methods in cooling tower area, the common 
cooling issues and their mitigation methods are reviewed. This chapter is mainly based on a 
review paper which will be submitted to the journal of Renewable and Sustainable Energy 
Review.  
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 Chapter 3 develops the 1D and 3D CFD modelling of the 20-m Gatton cooling tower. The 
performances of this short cooling tower under different ambient conditions are simulated and 
the mechanisms are discussed. The simulation results provide technical data and guidelines to 
the experimental work in Chapter 4 and 5. This chapter is based on a paper published in 
Applied Thermal Engineering. 
 In Chapter 4, full-scale experimental study of the 20-m Gatton cooling tower is presented. 
The 1-D cooling tower model in Chapter 3 is validated and refined. The modelling of a 1-
MWe CST power system with supercritical CO2 Brayton cycle is developed and the cooling 
tower model is integrated with the power system. The influence of the ambient temperature 
on the performance of a supercritical CO2 Brayton cycle is discussed. This Chapter is based 
on a paper published in Applied Energy. 
 Chapter 5 discusses two potential cooling issues for small NDDCTs: the crosswind effect and 
the cold inflow. The chapter is composed by two papers published in Applied Energy and 
Applied Thermal Engineering. In the first paper, the crosswind effect on a small NDDCT is 
experimentally studied and the mechanism of this effect is discussed. In the second paper, the 
cold inflow, which is a possible threat for the small cooling tower, is identified and the 
working mechanism and solution are discussed. 
 In Chapter 6, the hot water distribution method is proposed to relieve the negative effect of 
the crosswind on the performance of NDDCT. This chapter is based on a paper published in 
International Journal of Heat and Mass Transfer. 
 Chapter 7 is the summary and the proposed future work of this study 
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Chapter 2 Literature review 
 
2.1 Concentrating solar thermal power generation system with supercritical 
CO2 Brayton cycle 
Concentrating solar thermal (CST) power generation system is a completely green and renewable 
power generation technology and is a promising solution to deal with the energy crisis and greenhouse 
effect [7-10]. As shown in Figure 2-1, in a typical CST power plant, instead of burning the fossil fuels, 
a large array of heliostats track the sun and reflect solar radiation into a receiver mounted on top of a 
tower and generate the high temperature thermal energy. In most of the applications, molten salt is 
used to collect and store solar thermal energy. The “cold” salt is pumped from the cold tank up to the 
collector at the top of the solar tower, where it is heated to around 600-800°C. It then descends to the 
hot salt tank. Part of the hot salt remains in the hot tank and store the heat for use during the night. 
The rest is pumped into the boiler to generate the steam and returns to the cold tank. The power block 
of the CST system is much like a coal-fired power plant. High temperature and high pressure steam 
is generated in the boiler and then drives the turbine. The low temperature and pressure steam from 
the turbine outlet continues to the condenser where it becomes water again. Compare with the solar 
PV system, the energy storage in a CST power system is much cheaper and easier and the power 
generation is more stable and reliable. 
 
 
Figure 2-1 A typical concentrated solar thermal power plant 
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As shown in Figure 2-2, due to the population distribution of Australia, a significant fraction of this 
country is off-grid or fringe-of-grid and currently rely on the diesel power generation. The Australian 
Solar Thermal Research Initiative (ASTRI), which has funded the research described in this thesis, is 
targeting small CST power systems (1 MWe-25 MWe) to replace the diesel power generation systems 
in the Australian outback. However, most of the mature CST power plants today are using steam 
Rankine cycle, where the minimum economical size is about 50 MWe [2]. This is too large for the 
remote communities and mining sites in Australia. Therefore, ASTRI is seeking the alternative power 
block for the small size CST system. 
 
Figure 2-2 Australia Grid distribution 
  
Supercritical CO2 (sCO2) Brayton cycle is an effective alternative to steam power cycle and the 
application of the sCO2 cycle in CST power plant have achieved a lot of attention in recent years. 
CO2 is nontoxic, non-flammable and inexpensive fluid. The critical point of CO2 is 31.26°C and 7.3 
MPa. Unlike the ideal-gas, the physical properties of CO2 vary significantly around the critical point. 
For example, the density of CO2 at 32°C and 8 MPa is about 656 kg/m3, which is comparable to the 
density of the liquid. On the other hand, the fluid becomes more incompressible near the critical point. 
According to the previous research, the steam Rankine cycle can achieve high efficiency under low 
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turbine inlet temperature conditions because the working fluid is compressed at a liquid state. In other 
words, liquid water is incompressible and requires less work for compression. Therefore, for a 
Brayton cycle, the consumption of the compressor can be significantly reduced if CO2 enters the 
compressor closed to the critical point. This is considered to be one of the main advantages of sCO2 
Brayton cycle. Dostal et al [11] compared the thermal efficiency of a recompression sCO2 cycle with 
conventional sub-critical and supercritical steam cycles. They proposed that sCO2 cycle is more 
efficient when the turbine inlet temperature is higher than 550°C, which is achievable in a CST power 
system. On the other hand, according to Turchi’s research [12], the size of the radial turbine for sCO2 
is much smaller than the conventional steam turbine, which could offer a much more compact and 
simpler plant configuration.  
Besarati and Goswami [13] investigated the potential power cycles for the CST power plant. The 
supercritical steam Rankine cycles, air and helium Brayton cycles, sCO2 cycles and the combined 
power cycles are compared in their research. They claimed that sCO2 power cycles have higher 
efficiency but also have some uncertainties in the utilization, e.g. the high pressure of the working 
fluid and lack of experience in operating the closed Brayton cycle. Zhu et al [14, 15] studied the 
integration five different sCO2 cycles into the CST power system and compared the thermodynamic 
performance. They proposed that the thermal efficiency of SCO2 cycle with intercooling is the highest. 
However, the recompression sCO2 cycle is more appropriate because the configuration is simple and 
with relatively high efficiency. 
In general, sCO2 cycles are favoured for three fundamental reasons 
 They are more efficient than steam cycle. 
 They have compact turbomachinery designs 
 They can be scaleable modular and cheaper.  
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2.2 Review of the crosswind effect on natural draft cooling tower 
This section is based on a review paper, which will be submitted to the journal of Renewable and 
sustainable Energy Review. This paper first reviews the background of the natural draft cooling tower 
and summarises the advantages and disadvantages of main research methods in cooling tower area. 
The crosswind effect, which is a common cooling threat for the natural draft cooling tower, is then 
discussed. It is found that the mechanism of crosswind effect on different types of natural draft 
cooling tower is different. In general, the negative effect of the crosswind on dry cooling tower is 
more serious. The most current findings and solutions to address the crosswind issue are reviewed 
and classified. The information collected in this review paper could be a useful guidance to the 
numerical and experimental work in the following Chapters. 
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A review of the crosswind effect on the natural draft cooling towers 
 
ABSTRACT: A negative effect of crosswind on the performance of natural draft cooling tower have 
been shown in many cases, for a variety of tower types. This paper presents a critical review to 
synthesize the current research status in this field. At first, three common cooling tower research 
methods used to quantify the crosswind effect: full-scale/field measurements, lab-scale tests and CFD 
modelling, are reviewed and discussed. Then, based on the existing literature, the crosswind effect 
and its working mechanism on different types of natural draft cooling tower are summarized and 
compared. Finally, the most current findings and solutions to address the crosswind issue are 
presented. The information collected in this review paper could be a useful guidance for the design 
and optimization of natural draft cooling tower. 
Keyword: Natural draft cooling tower, heat rejection, crosswind effect, mitigation method 
 
2.2.1 Introduction 
Waste heat is generated during the industrial production processes and our daily life, such as thermal 
power plants, metallurgical and chemical plants, automobile engines, air conditioners and 
refrigerators [3, 4, 16]. Efficiency of discharging the waste heat significantly influences the 
performance of these processes [17, 18]. For example, a coal-fired power plant coverts only 40% of 
the supplied thermal energy to electricity. The remaining part of the inputted energy has to be rejected. 
For renewable power plants using the Organic Rankine Cycle (ORC) and operating with low-grade 
heat, the thermal efficiencies are much lower and more heat need to be rejected [19, 20]. Rankine 
cycle efficiency is sensitive to the condensation temperature, which is a direct indicator of cooling 
system efficiency. In emerging concentrating solar thermal power technology using closed 
supercritical CO2 Brayton cycles, the effectiveness of the heat rejection can be quantified through the 
compressor power consumption. 
Cooling tower is the heat rejection device in most thermal power plants [21-23]. With respect to the 
method used to move air through the tower, they can be distinguished as the mechanical draft, natural 
draft or fan assisted natural draft towers. Natural draft cooling towers are commonly used in large 
modern thermal power plants or chemical process plants. Such towers with prominent hyperboloid 
structures generate the airflow not using an external source, but through density difference between 
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the ambient air and the hot air inside the cooling tower. Their advantages include power saving, low 
environmental impact, lack of mechanical noise, safe operation, low maintenance costs and no 
recirculation as the plume is rejected at high level [4, 6, 24, 25]. 
A natural draft cooling tower can be a dry cooling or a wet cooling tower depending on its heat 
transfer mechanism. In a natural draft wet cooling tower (NDWCT), hot water is cooled by the 
combination of heat and mass transfer. As shown in Figure 2-3(a), the hot water to be cooled is 
distributed through spray nozzles, splash bars, or film fill in a manner that exposes a very large water 
surface to atmospheric air. Evaporative cooling occurs because the moisture content of the ambient 
air is less than that of saturated air at the hot water temperature. The cooled water is collected in the 
water basin to be recycled into the condenser. The difference in density of the warm air inside and 
the colder air outside creates the natural draft, which leads to a continuous stream of fresh air through 
the tower inlet into the tower.  
 
 
Figure 2-3 Configuration of the natural draft cooling towers: (a) NDWCT (b) NDDCT 
While wet cooling towers are efficient, they consume large quantities of water. This is a problem 
where fresh water resources are scarce and expensive. Due to the increased interest in renewable 
thermal power generation such as the geothermal and solar thermal power plants, where the 
prospective locations usually lack water, dry cooling technology has received extra attention in recent 
years [5, 25-32]. Figure 2-3(b) presents the configuration of a natural draft dry cooling tower 
(NDDCT). The heat rejection is through convective cooling. The hot fluid flows inside the tube. The 
tubes have fins that offer a large contact area to the air [4, 33]. Air flowing through the heat exchanger 
receives the heat, becomes less dense and rises. The ambient air then moves to fill in the space it 
leaves behind. A stable airflow can be achieved through careful design and the waste heat can be 
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continuously dumped out of the cooling tower. Since the working fluid is not in direct contact with 
the ambient air, there are no water losses.  
For natural draft cooling towers, there are two big challenges: hot ambient temperature and the 
crosswind. Both have negative effects on the thermal performance of the cooling tower [4, 6, 24, 26, 
34, 35]. Compared with high ambient temperatures, crosswind effects are much more complex and 
harder to predict. It has been reported that for a NDDCT, the thermal performance of the tower could 
drop significantly and certain parts of the cooling tower may even stop functioning under crosswind 
conditions [36-39]. The crosswind has a less but still significant effect on wet cooling towers. The 
research of the crosswind effect on natural draft cooling towers has attracted a lot of attention in the 
past few decades. Kroger [4] summarized a number of the early industrial data and research methods 
about the crosswind effect on natural draft cooling towers, but the progress in the recent 15 years is 
not covered in his book. There is a lack of comprehensive review of the recent research progress of 
the crosswind effect on the natural draft cooling towers, in spite of increasing research attention on 
this issue in recent years. 
While crosswind also has a significant impact on the structural design, the focus of this paper is on 
the crosswind effect on the thermal performance. In this review, the existing cooling tower design 
theories and the current cooling tower research methodologies are summarized first. Then, the 
research related to crosswind effects on both NDDCT and NDWCT are reviewed. The mechanisms 
of crosswind effect on different types of cooling towers are discussed. Finally, the mitigation methods 
are systematized and compared.  
2.2.2 Research methodologies 
The methodologies used in quantifying the effect of crosswind on the performance of natural draft 
cooling towers can be catalogued into three groups: full-scale/field measurements, lab-scale 
measurements and the numerical simulation. 
 Full-scale/field measurements 
The most direct way is obviously by full-scale measurements on an operating power plant. The tower 
inlet and water outlet temperatures are measured to evaluate the tower thermal performance. Air side 
properties are usually characterised by temperature and humidity measurements at entry and inside 
the cooling tower. The wind speeds and direction can be obtained from a nearby weather station or 
by installing the anemometers on the cooling tower. 
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The disadvantage of this approach is the difficulty of performing controlled experiments. The 
performance can be affected by the changes in different kinds of ambient conditions. Changes in air 
temperature, air humidity, crosswind, rain, snow, hail and the solar radiation all affect the 
performance of a natural draft cooling tower [4]. Moreover, the crosswind speeds and directions are 
rarely constant [40]. Therefore, it is expensive and time consuming to obtain sufficient data that will 
help the researcher isolate the effect of the crosswind from amongst a range of continuously varying 
conditions. [6]. It is also difficult and costly to install and maintain the instrumentation on large towers 
in operating plants. Therefore, the reported experimental data are rarely comprehensive and accurate 
enough. Detailed experimental data on wind direction, wind profile, changes in ambient temperature 
and heat exchanger temperatures, the variation of air temperature and pressure distributions inside 
the cooling tower are not mentioned most reports on full-scale tests. Most of the existing literature 
reporting full-scale data has been limited to merely demonstrating the crosswind wind effect but not 
explaining the mechanism. 
 Lab-scale model measurements 
An alternative measurement approach to investigate the crosswind effect is wind tunnel tests using 
small-scale models. Figure 2-4 presents the configuration of a wind tunnel test facility on Gatton 
Campus of The University of Queensland. Compared with the full-scale measurements, the lab-scale 
modelling tests usually have better instrumentation system and better control on the experimental 
conditions, for example, the turbulence from ambient can be avoided. The resulting experimental data 
is more consistent and stable. However, lab-scale results cannot be directly used to predict the 
behaviour of real towers unless the conditions of the geometric and dynamic similarity between the 
two are satisfied. This is not always straightforward. Table 2-1 gives the common scaling parameters 
used in the previous research.  
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Figure 2-4 Wind tunnel in Gatton campus of The University of Queensland 
 
Table 2-1 Scaling parameters in cooling tower modelling 
Scaling parameter Equations Physical Interpretation 
Magnitude in 
Full-scale 
Aspect ratio 𝜏 = 𝐻/𝐷 
Ratio of the tower height to the 
base diameter 
1.1-1.6 
Reynolds number of 
the crosswind 
𝑅𝑒cw = 𝜌𝐷𝑣cw/𝜇 
Represent the flow patterns of 
the crosswind 
0-107 
Reynolds number 
inside the cooling 
tower 
𝑅𝑒𝑖 = 𝜌𝐷𝑣𝑖/𝜇 
Represent the flow patterns of 
air inside the tower 
105-106 
Densimetric Froude 
Number 
𝐹𝑟 =
𝜌𝑣𝑖
2
(𝜌0 − 𝜌)𝑔𝐻
 
Ratio of the flow inertia to the 
external field 
0.01-1 
Euler number 𝐸𝑢 =
∆𝑃
𝜌𝑣𝑖2
 
Represent the air pressure drop 
of the cooling tower 
10-100 
Velocity ratio 𝑟 = 𝑣cw/𝑣𝑖 
Ratio of the crosswind velocity 
to the vertical air velocity 
inside the tower 
0-10 
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It is usually impossible to satisfy both Reynolds and Froude number similarity with one small-scale 
model. Thus, approximations and compromises have to be made in the lab-scale experiments. Most 
of the previous lab-scale tests can be divided into two types: the isothermal tests and non-isothermal 
tests. 
In the non-isothermal tests [41-43], small air-cooled heat exchanger or electronic heaters are used to 
model the air-cooled heat exchanger in the real cooling tower. The natural draft effect can be 
demonstrated in such tests. However, because of the limitation of the tower height, the natural draft 
effects produced by the lab-scale towers are much smaller than the full-scale cooling towers. As a 
result, the vertical velocities inside the cooling tower obtained in these models are very small, so are 
the Reynolds numbers. Thus, in non-isothermal tests, only the densimetric Fr similarity is considered. 
In the isothermal tests [44-48], the densimetric Fr is neglected and the natural draft effect is modelled 
by using mechanical fans. The mechanical fans can be installed at the top of the cooling tower, at the 
throat of the cooling tower or at the bottom of the cooling tower. Compared with the non-isothermal 
tests, the air velocity through the cooling tower is much higher and the air velocity can be determined 
easily. Since the Reynolds number in a full-scale cooling tower is about 105-106, the Reynolds 
numbers obtained in the models are still much lower than those in the full-scale cooling tower. 
However, Du Preez [49] stated that the airflow becomes independent of Reynolds number when the 
crosswind Reynolds number is larger than 5 x105 and the Reynolds numbers inside real cooling 
towers are larger than 3 x104. Thus, the Reynolds number in the lab-scale tests only need to exceed 
these thresholds.  
Flow visualisation is always helpful to understand the mechanism. Many different techniques are 
available but the use of visible smoke is probably the easiest. Figure 2-5 shows a lab-scale NDDCT 
designed by the University of Queensland [42, 43]. The crosswind effects and mitigation methods are 
investigated based on the results of these lab-scale tests. However, in most of such tests, the results 
must be considered as qualitative. Since similarity conditions are not fully satisfied, direct 
extrapolation to real towers may lead to error. 
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Figure 2-5 A lab-scale NDDCT with visible smoke: (a) Windless condition (b) Crosswind condition 
 Numerical simulation 
 1D simulation 
One-dimensional simulations assume unidirectional flow of air through the tower. The air enters 
radially and flows vertically. The velocity distribution in any cross section is uniform. While the one-
dimensional approach cannot represent crosswind effects, it is a powerful tool to predict the tower 
performance under steady-state conditions. The performance of a natural draft cooling tower can be 
predicted solving two groups of equations: airflow draft equation and energy balance equations. The 
airflow draft equation for both dry cooling tower and wet cooling tower is the same, as demonstrated 
in Eq.(2-1). The right side of this equation presents the driving force of the airflow while the left side 
represents the total flow resistance. The flow resistance in the NDDCT occurs while the air passes 
through the tower support, tower shell, heat exchanger, tower outlet and the contraction and expansion 
in the tower. The air-cooled exchanger contributes most of the flow resistance. In a NDWCT, pressure 
drop through the rain zone is the largest, followed by the tower inlet, drift eliminator and the fill [4].  
−𝜌a𝑣a
2𝐾T/2 = (𝜌ao − 𝜌a,amb)g(𝐻𝑇 − 𝐻𝑖𝑛)                                   (2-1) 
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where KT is the pressure loss coefficient of the cooling tower 
As simultaneous heat, mass and momentum transfer processes as well as two phase flow occurring 
throughout the wet cooling towers are excessively complex, simplifying assumptions and empirical 
or experimental data are used in multi-dimensional numerical codes. Merkel method is a widespread 
approach to simplify the analysis of the evaporative cooling process. In this method, the change in 
water flow rate due to evaporation is negligible and the Lewis factor is equal to one, which means the 
temperature and concentration profiles through the wet cooling tower coincide. In the integrated form, 
the Merkel method is presented as [50-52]: 
𝑀𝑒 =
ℎd𝐴
m𝑤
= ∫
𝑐𝑝𝑤𝑑𝑇𝑤
(𝑖𝑚𝑎𝑠𝑤 − 𝑖𝑚𝑎)
𝑇𝑤𝑖
𝑇𝑤𝑜
 
(2-2) 
where Me is the Merkel number, hd is the mass transfer coefficient in the fill, A is the surface area of 
the fill, mw is the mass flow rate of water, Twi is the tower inlet water temperature, Two is the tower 
outlet water temperature, cpw is the specific heat of water at constant pressure, Tw is the water 
temperature, imasw is the enthalpy of saturated air at the local bulb water temperature, ima is the 
enthalpy of the air 
The left side of Eq. (2-2) is known as the available Merkel number [53]. It is a measure of the quality 
and quantity of the fill being used in the cooling tower. For each type of fill, its value depends on the 
ratio of water flow rate to airflow rate. Typically, this information is presented in the literature or 
provided by cooling tower manufacturers. An empirical equation used for predicting the available 
Merkel number is [50]: 
𝑀𝑒 =
h𝑑𝐴
𝑚𝑤
= 𝑐 (
𝑚𝑤
𝑚𝑎
)
−𝑛
 
(2-3) 
where c and n are correlation coefficients for the estimation of the available Merkel number, ma is the 
mass flow rate of air. For a given fill and flow rate ratio (mw/ma), the available Merkel number can be 
determined without knowledge of the properties of the air and water at the inlet and exit of cooling 
tower.  
The integration in the right side of Eq. (2-2), known as the required Merkel number, requires a 
knowledge of the local enthalpy difference (imasw-ima) along the air flow path in the tower, which 
represents the driving force at any point in the tower [53]. The required Merkel number is a measure 
of the degree of difficulty of the tower for meeting the required design conditions. Higher values 
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imply a greater degree of difficulty. The integral in Eq. (2-2) needs to be evaluated by numerical 
integration techniques and the four-point Chebyshev integration technique, which was recommended 
by the British Standard and the Cooling Tower Institute, is employed [52, 53]. Kloppers [51, 52] 
found that the Chebyshev procedure is generally very accurate when compared to the composition 
Simpson rule with 100 intervals, which has a fourth order error. 
In dry cooling towers, all heat transfer is through the air-cooled heat exchanger and the energy balance 
equation is given by [54, 55] 
𝑄 = 𝑚a𝑐pa(𝑇ao − 𝑇ai) = 𝑚w𝑐pw(𝑇wi − 𝑇wo)                                 (2-4) 
and  
𝑄 = 𝑈𝐴𝐹T
(𝑇wi − 𝑇ao) − (𝑇wo − 𝑇ai)
ln⁡[
(𝑇wi − 𝑇ao)
(𝑇wo − 𝑇ai)
]
 
(2-5) 
where U is the overall heat transfer coefficient, A is any convenient heat transfer area referred by U, 
FT is the correction factor 
The overall heat transfer coefficient of the air-cooled heat exchanger can be calculated by Eq. (2-6) 
𝑈𝐴 =
1
1
ℎa𝐴a
+
ln⁡(𝑑0/𝑑i)
2𝜋𝑘t𝐿t
+
1
ℎw𝐴w
 
(2-6) 
where ha is the air side heat transfer coefficient, Aa is the total air side heat transfer area, kt is the 
thermal conductivity of the tube, Lt is the length of the tube, hw is the water side heat transfer 
coefficient, Aw is the water side heat transfer area  
In an air-cooled heat exchanger, the thermal resistance of the heat conduction through the tubes is 
much smaller than the others. Thus, the conduction heat transfer resistance is ignored in most of the 
cooling tower modelling. In fact, most of the thermal resistance of the heat transfer process is on the 
air side. The air side heat transfer coefficient is usually provided by the manufacturers or by the 
correlation using the air Reynolds number or air speed [4, 33]. The forced convection inside the tubes 
can be predicted using the water Reynolds number and Prandtl number [4, 54, 55].  
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Above equations can demonstrate the fundamental processes of the natural draft cooling tower and 
are widely applied in designing and rating cooling tower.  
CFD simulation 
Two- and three-dimensional cooling tower representations with and without crosswind effects can be 
rigorously and comprehensively analysed using Computational Fluid Dynamics (CFD). With the 
development of the computer power, both the accuracy and the computation speed have improved 
dramatically. CFD is now the most efficient method to study the crosswind effect on natural draft 
cooling towers. However, some validation is still needed to build confidence in the CFD results. The 
following section summarized the common approaches used in the cooling tower CFD modelling 
As shown in Figure 2-6, the geometry of the modelling tower is developed in strict accordance with 
the real case and located at the centre of the computation domain. The computational domain of the 
model is usually cylindrical or cubic shaped. In order to avoid the unrealistic effect of the domain 
boundaries on the flow field, the computation domain is usually more than 10 times larger than the 
diameter of the cooling tower and more than 6 times larger than the cooling tower height [38, 39, 56]. 
Because the cooling tower structure is axially symmetric, a number of researchers limited the 
numerical analysis to half, quarter or 45o wedges of the cooling tower to reduce the computation cost 
[37, 57]. Both structured and unstructured meshes have been applied in the cooling tower modelling. 
In order to capture the characteristic of the airflow and heat transfer through the heat exchanger or 
fill, small size and high quality mesh must be applied in these areas. The mesh size across the rest of 
the tower and the computation domain can be gradually increased to reduce the computation load. 
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Figure 2-6 Geometry diagram of a NDDCT CFD model 
For cooling tower operating with constant crosswind speed, the flow around the tower can be assumed 
to be steady. Thus, the airflow is usually modelled as a steady, incompressible, turbulent and 
continuous flow. The Boussinesq approximation is adopted to represent the buoyancy effect. As one 
of the most common models used in CFD to simulate mean flow characteristics for turbulent flow 
conditions [58, 59], Reynolds-time averaged Navier-Stokes (RANS) conservation equations 
combined with the standard k-ε model have been widely applied to cooling tower simulation. The 
general term of the model can be expressed as:  
∇. (𝜌𝑢ϕ − Γϕ∇ϕ) = 𝑆ϕ                                                    (2-7) 
where ⁡ϕ is the scalar quantity of each parameters in this model; Γϕ is the diffusion coefficient and 
𝑆ϕ is the source term. Table 2-2 presents the expression of the three parameters in the above equation.  
Table 2-2 The governing equation of k-ε model 
 ϕ 𝑆ϕ Γϕ 
Continuity 1 0 0 
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x momentum U −
𝜕𝑝
𝜕𝑥
+
𝜕
𝜕𝑥
(𝜇𝑒
𝜕𝑈
𝜕𝑥
) +
𝜕
𝜕𝑦
(𝜇𝑒
𝜕𝑉
𝜕𝑥
) +
𝜕
𝜕𝑧
(𝜇𝑒
𝜕𝑊
𝜕𝑥
) +
∆𝑝𝑥𝐴𝑐
𝑉𝑐
 𝜇𝑒 
y momentum V 
−
𝜕𝑝
𝜕𝑦
+
𝜕
𝜕𝑥
(𝜇𝑒
𝜕𝑈
𝜕𝑦
) +
𝜕
𝜕𝑦
(𝜇𝑒
𝜕𝑉
𝜕𝑦
) +
𝜕
𝜕𝑧
(𝜇𝑒
𝜕𝑊
𝜕𝑦
)
+
∆𝑝𝑦𝐴𝑐
𝑉𝑐
 
𝜇𝑒 
z momentum W −
𝜕𝑝
𝜕𝑧
+
𝜕
𝜕𝑥
(𝜇𝑒
𝜕𝑈
𝜕𝑧
) +
𝜕
𝜕𝑦
(𝜇𝑒
𝜕𝑉
𝜕𝑧
) +
𝜕
𝜕𝑧
(𝜇𝑒
𝜕𝑊
𝜕𝑧
) +
∆𝑝𝑧𝐴𝑐
𝑉𝑐
 𝜇𝑒 
Energy T 
1
𝑐𝑝
(
𝑞𝐴𝑐
𝑉𝑐
) 
𝜇
Pr
+
𝜇𝑡
Pr𝑡
 
Turbulent energy k 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 
𝜇𝑒
𝜎𝑘
 
Energy dissipation ε 𝐶1𝜀
𝜀
𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌
𝜀2
𝑘
 
𝜇𝑒
𝜎𝜀
 
 
where 
Gk = μe {2 [(
∂U
∂x
)2 + (
∂V
∂y
)2 + (
∂W
∂z
)2] + (
∂V
∂x
+
∂U
∂y
)2 + (
∂V
∂z
+
∂W
∂y
)2 + (
∂U
∂z
+
∂W
∂x
)2} 
𝜇𝑒 = 𝜇 + 𝜇𝑡;               𝜇𝑡 = 𝐶𝜇𝜌
𝑘2
𝜀
;               𝐶1𝜀 = 1.44;                𝐶2𝜀 = 1.92; ⁡⁡⁡⁡⁡⁡⁡⁡𝐶3𝜀 = tanh(
𝑈𝑝𝑎
𝑈𝑝𝑒
); 
𝐺𝑏 = −𝑔
𝜇𝑡
𝜌Pr
𝜕𝜌
𝜕𝑦
  ;           𝐶𝜇 = 0.09;       𝜎𝑘 = 1.0;    𝜎𝑘𝜀 = 1.3;      Pr=0.74;         Prt=0.85 
 
The physical properties of the air can be calculated using the in-compressible ideal-gas model. The 
pressure-based segregated algorithms: semi-implicit method for pressure linked equations (SIMPLE) 
and SIMPLE-Constant (SIMPLEIC) are widely applied to discretise the governing equations.  
In CFD simulation of a wet cooling tower, considering different flow states of the cooling water, the 
inside domain of a tower is usually divided into three different parts: spray, fill and rain zones [60]. 
In the spray and rain zones, discrete phase modelling (DPM) is used to simulate the air-water 
interaction, with the water phase represented as the discrete phase [60-64]. The Eulerian framework 
is utilized to describe the continuous phase (air), while the Lagrangian trajectory simulations are 
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performed for the discrete phase (water droplets) [65]. The continuous phase and discrete phase flows 
are solved in a fully coupled manner. The standard k- ε model is selected to model turbulence effects. 
In the fill zone, heat and mass transfer are modelled through mass, momentum and energy source 
calculations by user-defined functions.  
The impact of droplets on the air flow could be considered by introducing source terms of mass, 
energy and momentum into the air phase governing equations. These source terms are computed from 
the Lagrangian framework by an alternate process through volume averaging method[66]. The 
governing equation of the air flow is as the same as equation (7).  
The motion of any particular droplet through the air depends on the droplet-to-air interaction 
mechanism which is affected by simultaneous heat, mass, and momentum transfers between the 
droplet and the surrounding air. The droplet is tracked by the following energy, mass and momentum 
balance equations [60, 61, 67]: 
 
𝑚𝑑𝑐𝑑
𝑑𝑇𝑑
𝑑𝑡
= ℎ𝑐𝑆𝑑(𝑇𝑎 − 𝑇𝑑) −
𝑑𝑚𝑑
𝑑𝑡
ℎ𝑓𝑔 
 (2-8) 
 
𝑑𝑚𝑑
𝑑𝑡
= 𝑆𝑑ℎ𝐷(𝜌𝑠,𝑖𝑛𝑡 − 𝜌𝑣𝑎) 
(2-9) 
 
𝑑𝑢𝑑⃗⃗ ⃗⃗ 
𝑑𝑡
= 𝐹𝐷(?⃗? − 𝑢𝑑⃗⃗ ⃗⃗ ) +
𝑔 (𝜌𝑑 − 𝜌)
𝜌𝑑
+ 𝐹𝑍 
(2-10) 
where md is the mass of droplet, cd is the specific heat of droplet at constant pressure, Td is the droplet’s 
temperature, hc is the heat transfer coefficient, Sd is the droplet surface area, Ta is the air temperature, 
hfg is the latent heat of water evaporation, hD is the mass transfer coefficient, ρs,int is the water vapor 
mass density of the saturated air-vapour layer, ρv,a is the water vapor mass density of the air, ud is the 
droplet velocity, FD is the drag force on the droplet, ρd is the density of droplet, ρ is the density of air, 
FZ is the drag force on the droplet when it is falling in air 
As shown in Figure 2-6, in most of the cooling tower CFD simulation, the windward side of the 
computational domain is set as the velocity inlet boundary condition while the top and the leeward 
side of the computation domain are set as the pressure outlet. The temperatures on these boundaries 
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are set equal to the ambient temperature. Wall boundary condition is applied at the bottom face of the 
computation domain and the shell of the cooling tower.  
In dry cooling tower simulation, the radiator boundary condition is the most common way to model 
the heat exchanger [36, 37, 39, 57, 68-71]. For example, the radiator model in Fluent [72] is defined 
as a lumped face without thickness and heat transfer process can be presented by the following 
equation: 
𝑞 =
?̇?𝑐𝑝∆𝑇
𝐴
= ℎ(𝑇r − 𝑇ao) 
(2-11) 
where q is the heat flux of the process, ?̇? is the fluid mass flow rate, h is the empirical heat transfer 
coefficient. 
The pressure drop of the heat exchanger is assumed to be proportional to the dynamic head of air.  
∆𝑃 = 𝐾𝐿
1
2
𝜌𝑣2 
(12)  
Both the heat transfer coefficient and the loss coefficient are normally defined as a function of the air 
velocity normal to the radiator face. In some simulations, the porous media model is selected to model 
the pressure drop of the heat exchanger [56, 73, 74]. This model can prevent the possibility of vortices 
occurring near the radiator, allowing air flow through heat exchanger only vertically. The pressure 
drop in the porous media can be calculated by introducing an additional source term in the momentum 
equation 
𝑆𝑖 = −(
𝜇
𝛼
𝑣𝑖 + 𝐶2
1
2
𝜌|𝑣|𝑣𝑗) 
(2-13) 
where α is the permeability and C2 is the inertial resistance factor.  
In wet cooling towers, the water boundary condition is divided into two parts: the fill zone, and the 
spray and rain zone. The heat and mass transfer performance of a particular fill is obtained through 
experiment [60-62]. Merkel equation can be used to interpret the experimental data and form an 
empirical equation for the mass transfer coefficient (hd).  
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The heat transfer coefficient (h) can be found using the Lewis factor relationship in the following 
equation [62, 63]: 
ℎ = ℎ𝑑𝑐𝑝𝑎𝐿𝑒𝑓 
(2-14) 
where h is the heat transfer coefficient, Lef is the Lewis factor 
The pressure loss through the wet cooling tower is modelled using source terms in the momentum 
equation. This momentum sink is give as[62]: 
𝑆𝑣 = −𝐾𝑓
𝜌𝑣2
2
 
(2-15) 
where Sv is the momentum sink, Kf is the pressure loss coefficient 
The main pressure loss coefficients across the wet cooling tower are shell supports, fill, water 
distribution pipes and drift eliminators [61, 62]. The pressure loss coefficient of the fill is determined 
by measuring the pressure drop across the fill. Results of these measurements are correlated by 
empirical relations which are functions of both the air and water mass flow rates[60].  
Across water droplet flow trajectories in the spray and rain zone, the ‘reflected’ boundary condition 
is imposed at the tower shell walls to represent the effect of the shell walls on the impinging water 
droplets [61]. It is assumed that after impingement the normal momentum component is zero while 
the tangential component remains the same [65]. The ‘escape’ boundary condition is used at drift 
eliminators, water basin and shell supports boundaries, which means that water droplets are 
terminated and excluded from further calculation at these parts [65].  
The pressure loss due to the shell supports, water distribution and drift eliminators is modelled in a 
manner similar to the fill [60]. The pressure loss coefficient in these parts could be taken from Kroger 
[4]. Pressure loss due to the drag force from water droplets at both the rain and spray zones are 
calculated internally by FLUNET according to equation (2-10) [61].   
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2.2.3 Crosswind effect on the thermal performance of natural draft cooling tower 
As shown in Figure 2-7, the air-cooled heat exchanger of the NDDCT can be arranged either vertically 
around the circumference of the tower or horizontally at the inlet cross-section of the cooling tower. 
Both arrangements have been widely applied in the industry. To maximize the heat exchanger area 
for the limited space, the heat exchanger bundles are usually arranged in the form of deltas for 
NDDCT with vertically arranged heat exchanger (NDDCTV) or A-frames for NDDCT with 
horizontal arranged heat exchanger (NDDCTH). Compared with the horizontally arranged layout, 
NDDCTV is self-supporting, water distribution is simple thus the cost can be reduced [4, 44, 75, 76]. 
In addition, according to Du Preez’s investigation [44], approximately 3% more heat rejection area 
can be achieved by the vertical arranged heat exchanger compared with same tower using horizontally 
arranged heat exchanger. However, NDDCTH is preferred in dry areas since it reduces the negative 
effects caused by the soil and plant pollen dusts [18, 31].  
 
Figure 2-7 Air-cooled heat exchangers in the NDDCT: (a) Horizontal arrangement (b) Vertical arrangement 
Previous research has demonstrated that the crosswind have negative effect on both of the two kinds 
of NDDCT. However, the mechanisms of the crosswind effects on these two kinds of cooling tower 
are different.  
2.2.4  Crosswind effect on the NDDCTH  
 Aerodynamic behaviours and heat exchanger performances 
Figure 2-8 presents the air velocity distribution for a 207 m cooling tower working in the windless 
condition. In such a case, the ambient air is moving through the heat exchanger from the tower bottom 
towards the top driven by the natural draft. The airflow inside the cooling tower is almost uniform. 
The airflow near the edge of the heat exchanger is slightly smaller than that in the centre. This is 
because the resistance near edge of the heat exchanger is larger than that in the centre area.  
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Figure 2-8 Air velocity distribution of the NDDCT in windless condition [70] (a) Heat exchanger plane (b) 
Vertical plane in the centre of the cooling tower 
Air pressure and the airflow distribution of the heat exchanger is changed with the appearance of the 
crosswind. The flow of wind-driven air around the tower affects the pressure distribution and this 
causes non-uniform pressure distributions at the heat exchanger level as shown in Figure 2-9 (a). Just 
below the heat exchanger, the air pressure is lower windward, and higher leeward. Since the driving 
force of the air flow through the cooling tower is the difference between the air pressure before and 
after the heat exchanger layer, the crosswind reduces the air flow in windward area and does the 
reverse in the leeward area. The high pressure zone formed at the leeward part of the cooling tower 
pushes more air in this area.  
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Figure 2-9 Aerodynamic behaviours and heat exchanger performances of a 20 m NDDCT when crosswind 
speed is 4 m/s [73, 77]: (a) Pressure contour below the heat exchanger (b) Heat flux contour of the heat 
exchanger (c) Velocity vector inside the cooling tower (d) Temperature contour inside the cooling tower 
With increasing crosswind speed, air vortices are generated inside the cooling tower because of the 
pressure gradient caused by the crosswind. Two vertices were observed in Li and Lu’s simulation, as 
demonstrated in Figure 2-9(c) [56, 73]. Lu investigated the mechanism of the two vertices [56]. He 
claimed that the air vortex at the bottom of the cooling tower is due to the negative pressure 
underneath the heat exchanger while the upper vortex is caused by the crosswind forming a high 
speed zone sweeping over above the tower outlet. Compared with the upper vortex, the effect of the 
air vortex at the bottom of the cooling tower is more significant. The air vortex at the bottom of the 
cooling tower was further verified by our experiments on a 20 m NDDCTH (Chapter 5). We observed 
that under certain crosswind speeds, the airflow direction at the windward part of the bottom of 
cooling tower is upside down and large amount of hot air is sucked out of the cooling tower through 
the tower inlet.  
The air-cooled heat exchanger is the most expensive component of the NDDCT. Since the airside 
heat transfer coefficient is much lower than that of the waterside, the mass flow rate of the air across 
the heat exchanger bundles has a significant influence on the cooling performance of NDDCT. The 
higher air mass flow rate leads to a higher heat transfer coefficient and a better cooling performance 
while the lower air flow rate does the opposite. With the influence of the crosswind, the air mass flow 
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rate distribution for each heat exchanger bundle is not uniform. The air mass flow rate through the 
windward heat exchanger panels is much smaller than those in the leeward area. In addition, with the 
increase of the crosswind speed, air vortices and hot air recirculation are formed at the windward part 
of the cooling tower. Thus, the performance of the windward heat exchangers is significantly reduced 
by crosswind. Figure 2-10 shows the heat flux contour of a 20-m NDDCT at different crosswind 
speeds [77]. It can be seen that most of the negative effect of the crosswind on heat exchanger 
performance is in the windward area and the affected zone expands with the increasing crosswind 
speed. Similar heat exchanger performance is reported in Yang and Lu’s research [56, 70]. 
 
Figure 2-10 Heat flux contour of the heat exchanger bundles at different crosswind speed [77] 
 
 Crosswind effect on the overall tower performance 
The effect of the crosswind on the overall performance of  cooling tower can be evaluated using two 
different methods. The first one is based on the change between the Approach in no crosswind 
condition and crosswind condition. 
∆𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ = 𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ,𝑐𝑤 − 𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 
(2-16) 
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where the Approach is defined as  
𝑇approach = 𝑇wo − 𝑇ai 
(2-17) 
A lower Approach represents better cooling tower performance. 
Another way to evaluate the crosswind effect is using the ratio of the heat rejection rate of the cooling 
tower with and without the crosswind: 
𝜀 =
𝑄𝑐𝑤
𝑄
 
(2-18) 
In practical operation, the NDDCT heat rejection rate is almost constant and tower underperformance 
manifests itself in higher water temperature [37, 78]. Therefore, the first method is the preferred 
metric used in previous full-scale tests. However, the second method can be applied in the lab-scale 
tests and numerical modelling where the cooling tower can be made to run with constant hot water 
inlet temperature. 
Du Preez and Kroger [76] presented full-scale measurements of the crosswind effect on a 165 m high 
NDDCTH. The performance of the cooling tower is continuously decrease with the increased 
crosswind speed. The highest crosswind speed in their report was about 10 m/s, where the ∆𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 
could be as high as by 8 oC. Yang et al [70] simulated a 207.4 m high NDDCTH with different heat 
exchanger arrangements. They observed a slight reversal at high crosswind speed. When the 
crosswind speed is higher than 16 m/s, their simulated cooling tower outlet water temperature started 
slowly decreasing with increasing wind speed.  
The authors have been developing short NDDCT technology for small-scale (1-30 MW) 
concentrating solar thermal (CST) power generation. This reversal observed by Yang et al is more 
pronounced in short cooling towers [6, 42, 56, 73, 74]. If we refer to the speed at which the crosswind 
effect starts reversing as the critical speed, for a 20 m cooling tower, the critical wind speed is about 
5 m/s [79]. Starting from zero wind speed, the tower performance increasingly gets worse with 
increasing wind speed until the wind speed reaches the critical speed. At crosswind speeds above the 
critical speed, the tower performance starts to improve with increasing crosswind speeds. In our full-
scale tests, we observed that the performance of the cooling tower was close to the performance in 
the windless condition at crosswind speeds near 8 m/s. This means that crosswind may not always be 
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a debilitating factor with short cooling tower. It can be expected that, for such short cooling towers 
serving relatively small thermal plants, the tower performance can be even enhanced when the 
crosswind speed is sufficiently high. 
This reversal of the crosswind effect can be explained as follows [79]. Firstly, with increasing 
crosswind speed, more air is pushed through the leeward part of the cooling tower. For the heat 
exchanger bundles located in these areas, the performance is enhanced to a certain extent. Secondly, 
the recirculation vortex formed at the windward part of the cooling tower starts helping the heat dump 
at higher wind speeds instead of merely obstructing the flow as observed at lower speeds. Finally, 
when a cooling tower with horizontal arranged heat exchangers is subjected to the crosswind, the heat 
can be taken away off the bottom surface of the heat exchanger by the horizontal airflow [42, 73]. 
When crosswind speed is strong enough, the heat transfer enhancement of the above three 
mechanisms can fully compensate for the performance loss associated with the reduced pressure in 
the windward part of the cooling tower. The performance of the cooling tower continues increasing 
with the increased crosswind speed at wind speed above the critical speed.  
The first two mechanisms were explained earlier. Regarding the third mechanism, like the flow over 
a flat plate, the forced convection at the bottom surface of the heat exchanger can be estimated using 
the following correlation [54]. 
𝑁𝑢𝐿 =
ℎ𝐹𝐿
𝑘
= 0.037𝑅𝑒𝐿
0.8𝑃𝑟0.333 
(2-19) 
The heat taken away by the forced convection can be calculated using Newton’s law of cooling: 
𝑄𝐹 = ℎ𝐹𝐴𝑆(𝑇𝑟 − 𝑇𝑎𝑚𝑏) 
 (2-20) 
where 𝑇𝑟 is the average temperature of the heat exchanger, 𝑇𝑎𝑚𝑏⁡is the ambient temperature 
According to our experimental results, for a 20 m NDDCT, when crosswind speed is 8 m/s, the heat 
rejection through the bottom surface of the heat exchanger can contribute 8% of the total heat rejection 
rate[79]. 
In summary, Table 2-3 lists the previous research result of the crosswind wind effect on the NDDCTH  
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Table 2-3 Crosswind effect on the NDDCTH 
Researchers 
 
Tower size (m) 
(Height x base 
diameter) 
Research 
method 
Crosswind effect and Key findings 
Du Preez and 
Kroger [76] 
 
165 x 144.5 Full-scale  ∆𝑇approach  increased by 8
 oC When 
crosswind speed is 18 m/s 
 Compared the heat exchanger 
arrangement and windbreak wall 
Li et al [79] 20 x 12.5 Full-scale o ∆𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ  increased by 4
 oC when 
crosswind speed is about 5 m/s. 
o Detail air temperature and hot water 
temperature distribution are presented. 
Lu et al [42, 43] 1.2 x 0.96 Lab-scale  The heat rejection rate decreased by 
60% when crosswind speed is 5 m/s. 
 Discussed the reason of the reversed 
trend. 
Lu et al [56, 74] 15 x 12 CFD o Cooling performance decreased by 
30% when crosswind speed is 5 m/s. 
o Proposed that the heat can be rejected 
by the horizontal wind. 
Al-Waked and 
Behnia [80] 
129 x 95.2 CFD  ∆𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ  increased by 10
 oC when 
crosswind speed is 16 m/s 
 Investigated the windbreak wall 
Yang et al [70] 207 x 192 CFD o The water outlet temperature 
increased by 16 oC when crosswind 
speed is 16 m/s. 
o Presented the detail temperature and 
pressure profile inside the cooling 
tower. 
Li et al [73] 20 x 12.5 CFD  The cooling performance dropped by 
30% when crosswind speed is about 6 
m/s. 
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 Presented the detailed thermal 
performance on each heat exchanger. 
 
2.2.5 Crosswind effect on the NDDCTV 
For the NDDCTV, the thermal performance is believed to be more susceptible to the crosswind than 
those with horizontal arranged heat exchanger [38, 44, 49, 57, 70, 75, 76]. For this kind of NDDCT 
where the vertically oriented heat exchanger panels are distributed around the tower perimeter with 
direct exposure to crosswind, the mechanism of crosswind effect are totally different. 
 Aerodynamic behaviours and heat exchanger performance 
Figure 2-11 shows the air temperature distribution and the air velocity distribution of a 195 m 
NDDCTV in windless condition [38]. Similar to the NDDCT with horizontal arranged heat exchanger, 
a uniform distributed temperature and velocity profile can be achieved inside the cooling tower. The 
airflow is driven by the density difference between the outside and inside of the cooling tower. 
 
Figure 2-11 Air speed and temperature distribution of a 195 m NDDCT working in the windless condition 
[38]: (a) Air velocity distribution (b) Air temperature distribution 
Figure 2-12 presents the velocity vector and pressure distribution of a 170 m NDDCTV working in 
the crosswind condition [81]. The aerodynamic behaviours of the cooling tower in crosswind 
condition can be analysed by dividing the heat exchangers bundles into 3 sections: the windward 
section, leeward section and the side section. For each section, the crosswind effects are significantly 
different. It is obvious that for those heat exchanger bundles located at windward sections, crosswind 
can cause extra air flow though the heat exchangers. According to Yang and Zhao’s simulation [38, 
57], the air mass flow rate in the windward section is the largest and increases continuously with 
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increased crosswind speed. For the side section, the aerodynamic performance is like the flow over a 
vertical cylinder [36]. The tangential velocity of the airflow in the side section increases with 
crosswind speed. A low pressure zone is generated in these areas and the natural draft effect is 
significantly reduced. With increasing crosswind speed, an air vortex is generated in the centre of the 
cooling tower, as shown in Figure 2-12(a). This further prevents the air flowing into the tower and 
allows some hot air to flow out of the cooling tower. Under certain crosswind speeds, the pressure 
difference between the inlet and outlet of the side section could be very low, reducing air mass flow 
rate through the side section to almost zero [38, 39, 57]. For the leeward section of the cooling tower, 
at low crosswind speed condition, crosswind effect is not significant. However, when crosswind 
speed increases to a certain level, the maximum swirling velocity of the air vortex may exceed the 
velocity of the inward airflow. A great ventilation barrier then can form and the hot air from the 
windward section can penetrate into the leeward section [81]. Like the aerodynamic behaviours 
described in section 2.2.4, vortices are formed at the top of the NDDCTV, which could further reduce 
the discharge of upstream out of the cooling tower. According to Su’s simulation, the crosswind also 
plays the role of a wind-cover which could form another resistance for the air discharge from the top 
exit of the tower [36].  
 
 
Figure 2-12 Velocity vector and pressure distribution of a 170 m NDDCT [81] 
A number of researchers investigated detailed performance of the heat exchangers located in different 
part of the NDDCTV [38, 57, 82, 83]. Figure 2-13 shows the heat exchanger performance of a 172 m 
NDDCT at different crosswind speed [57]. As can be seen in the figure, the performance of the 
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windward heat exchangers (sector 1) is enhanced by the crosswind. In any wind speed, the 
performance of the windward heat exchangers do better than others. For the heat exchangers located 
at the side section (sector 3), the performance decreases rapidly at low crosswind condition, due to 
the low pressure effect created by the crosswind and the vortex inside the cooling tower. However, 
when crosswind speed is higher than 8 m/s, the airflow mass rate through the side section reached the 
minimum and the heat exchanger performance becomes stable. For the heat exchangers located at the 
leeward section (sector 5) of the cooling tower, the performance seriously deteriorates when 
crosswind is exceeds 8 m/s. Cross ventilation is experienced and the hot air from the windward section 
penetrates into the leeward section. Similar trends are also reported in Ardekani’s [84] full-scale 
measurements. 
 
Figure 2-13 Heat exchanger performance of a 172 m NDDCTV in different crosswind speed [57]: (a) Hot 
water outlet temperature versus crosswind speed (b) Geometry of the cooling delta distribution 
 
 Crosswind effect on the overall tower performance 
Table 2-5 lists the previous research result of the crosswind effect on the NDDCTV. Full-scale 
measurements of the crosswind effect on the NDDCTVs were reported by Kroger, Wei and Ardekani. 
Apart from the two lab-scale experiments, all other studies listed in Table 2-4 report a reduction of 
tower performance with crosswind. Kroger [4] collected the experimental data of a number of 
industrial cooling towers. The crosswind effect on the 265 MW Razdan cooling tower was the most 
significant. For this cooling tower, ∆𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ was about 6 
oC at a crosswind speed of about 6 m/s. 
Wei [45] observed that the outlet water temperature could go up by 25% when crosswind speed 
increased to 6 m/s. More detailed data was reported by Ardenikani [84] on a 92m NDDCTV. In his 
paper, heat exchangers of the cooling tower are divided into 6 sections. The performances of the heat 
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exchanger in different locations are presented. In these above full-scale measurements, thermal 
performances of the NDDCTVs were observed to monotonously decrease with increasing crosswind 
speed. However, a reverse trend was observed in lab-scale tests [45] and some numerical modelling 
studies [38, 39, 71]. For example, in Yang’s research [38], the cooling performance of a 195 m 
NDDCTV was investigated in different crosswind conditions and a critical wind speed of 12 m/s is 
observed. The air mass flow rate across the heat exchanger and the cooling performance of the 
NDDCT reached their minimum value at this critical speed. Once the critical speed is exceeded, the 
tower performance started to increase with the increasing crosswind. 
Table 2-5 Crosswind effect on the NDDCTV 
Researchers 
 
Tower size (m) 
(Height x base 
diameter) 
Research 
method 
Crosswind effect and Key findings 
Wei et al [45] 
 
125 x 108 Full-scale  Mean temperature inside the tower 
increased by more than 25% 
 Analysed the mechanism 
 
Ardekani et al 
[84] 
92 x 72 Full-scale o Tower performance dropped by 32% 
when crosswind speed is 10 m/s 
o Present the heat exchanger 
performance in different location 
Zhai and Fu 
[46] 
1.25 x 1.08 Lab-scale  Presented the velocity profiles inside 
the cooling tower. 
 Discussed the effect of the wind break 
wall 
 
Wei et al [45] 0.625 x 0.54 Lab-scale o Discussed the wind effect coefficient 
o Proposed that the performance of the 
reached the minimum when vcw/vi=4 
Zhao et al [57] 172 x 152 CFD  Water outlet temperature increased by 
6oC when crosswind speed is 12 m/s. 
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 Considered the two water passes in the 
cooling delta. 
 
Yang et al [70] 195 x 177.6 CFD o Water outlet temperature increased by 
12 oC when crosswind speed is 12 m/s. 
o Present the dimensional characteristics 
of flow and heat transfer of cooling 
deltas and sectors. 
Al-Waked and 
Behnia [39] 
129 x 95 CFD  ∆𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ  increased by 10
 oC when 
crosswind speed is 16 m/s 
 Considered the influence of the wind 
profile Simulated both the constant 
water temperature model and constant 
heat flux model. 
 
Su et al [36] 125 x 108 CFD o Cooling tower temperature increased 
by 6 oC when crosswind speed is 7.5 
m/s. 
o Discussed the influence of the vortex 
inside the cooling tower and the 
crosswind effect at the top-exit of the 
cooling tower. 
M. Goodarzi 
[85] 
120 x 100 CFD  Heat rejection rate decreased by 25% 
when crosswind speed is 10 m/s 
 Proposed several mitigation methods 
 
Wang et al [81] 170 x 146 CFD o ITD increased 12 oC when crosswind 
speed is 20 m/s 
o Proposed the enclosure to improve the 
performance 
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 Dimensionless study 
As noted in the previous sections, the crosswind effects on reported on different sizes of the NDDCTs 
were different. Based on the cooling tower exit mass flow rate, Hooman [27, 86] derived a closed-
form solution for predicting the crosswind effect on a given cooling tower. As shown in Eq. (2-21), 
the effectiveness of the cooling tower can be presented as a function of different wind to draft speed 
ratios. 
𝜀 =
𝑄𝑐𝑤
𝑄𝑁
= 𝑓(
𝑣𝑐𝑤
𝑣𝑁⁡
) 
(2-21) 
For a given cooling tower, the draft speed can be calculated using the method described in section 
2.2.3. The performance of the cooling tower under crosswind condition can then be predicted using 
Eq. (2-21).  
Based on Hooman’s theory, Ma et al [87, 88] proposed a theoretical model to consider both the 
impacts of ambient temperature and crosswind. They also considered the initial temperature 
difference since this parameter have a significant effect on the vertical air velocity of the cooling 
tower under windless condition. However, both Hooman and Ma’s model is valid at wind speeds 
below the critical wind velocity. The reversal above the critical wind speed discussed earlier cannot 
be presented by these models. One reason the models fail at high crosswind speeds is that they assume 
all hot air to exit the cooling tower only from the tower top. However, according to a number of 
articles[6, 73, 74, 77, 79, 89], a significant fraction of hot air is sucked out of the cooling tower from 
the tower inlet at high crosswind speeds. 
In past studies of natural convection, the Grashof number has been proposed to represent the natural 
convection effects in the momentum balance equation. It is a measure of the relative magnitudes of 
the buoyancy force and the opposing viscous force acting on the fluid. For a NDDCT, the 
characteristic length can be defined as the base diameter of the cooling tower and the Grashof number 
can be expressed by the following equation: 
𝐺𝑟𝐷 =
𝜌𝑔𝛽(𝑇𝑟 − 𝑇𝑎𝑚𝑏)𝐷
3
𝜇2
 
(2-22) 
where g is the gravitational acceleration, β is the coefficient volume expansion (β=1/T for ideal gases), 
Tr is the mean temperature of the heat exchanger, and μ is the viscosity of the fluid. 
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When a NDDCT is subjected to crosswind, the air flow through the heat exchanger is controlled by 
both natural and forced convection. The relative importance of natural convection and forced 
convection can be determined by the ratio of Grashof number to the square of the Reynold’s number 
(Gr/Re2), also known as Richardson number (Ri).  
𝑅𝑖 =
𝐺𝑟
𝑅𝑒2
=
𝑔𝛽(𝑇𝑟 − 𝑇𝑎𝑚𝑏)𝐷
𝑣𝑐𝑤2
 
(2-23) 
According to the previous research on mixed convective flow [54, 90-92], if the value of Ri is much 
greater than 1, the flow regime is mainly controlled by natural convection and the forced convection 
may be ignored. If Ri is much less than 1, the flow regime is dominated by the forced convection and 
the natural convection effects are negligible. When Ri ≈1, both mechanisms play a vital role and have 
to be accounted for.  
Figure 2-14 give the comparison of the performance variation of different cooling towers working in 
the crosswind condition. In this figure, Ri close to infinity means the crosswind speed is zero while 
Ri close to zero means crosswind speed is infinity. Since the air-cooled heat exchangers, tower aspect 
ratio, tower inlet height and the tower support in different towers are different, the crosswind effects 
on different cooling towers are different. In general, the NDDCTVs are more sensitive to the 
crosswind speed. For these cooling towers, the ∆Tapproach is larger than NDDCTH. In low crosswind 
condition, where Ri is much greater than 1, the forced convection effect on the cooling tower is very 
small. The performance of the cooling tower is mainly controlled by the natural draft effect. With the 
appearance of the crosswind, negative pressure zone and small air turbulence and vortex are formed 
inside or around the NDDCT. The cooling performance of the cooling tower is reduced. That’s why 
in Figure 2-14, ∆Tapproach decreases with the increased Ri in high Ri region. However, when crosswind 
speed increases to a certain value, where Ri is close to 1, a different trend can be observed. At this 
stage, strong vertices are observed inside the cooling tower and the natural draft effect provided by 
the NDDCT is significantly reduced. The airflow through the NDDCT is mainly controlled by the 
crosswind. In such a case, the performance of the cooling tower starts to increase with the increased 
crosswind speed. Previous experimental studies on large cooling towers reported continuous decline 
with increasing of the wind speed [4, 45, 49, 76, 84]. The reason is that the natural draft effects in 
large cooling towers are sufficiently strong and the critical wind speed for such towers is usually more 
than 12 m/s. Wind speeds above this value rarely appears during their field measurements so the 
reversal of the crosswind effect was not observed on tall towers. 
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Figure 2-14 ∆Tapproach versus Richardson Number of the NDDCT 
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2.2.6 Crosswind effect on performance of NDWCT 
Depending on the fill arrangement and the air and water flow directions. There are two NDWCT 
configurations: counter flow and crossflow. These two configurations are shown in Figure 2-15. The 
breakup of water in spray makes the heat transfer in counter flow cooling tower more efficient. 
Counter flow cooling tower is less prone to dirt build-up in the fill. Thus, counter flow NDWCT is 
preferred in most industrial applications. According to our literature review, most of the research of 
the crosswind effect on NDWCT is on counter flow tower. In fact, the mechanism of crosswind effect 
on the crossflow NDWCT is very similar to that on the NDDCTV since almost all the heat and mass 
transfer of a crossflow NDWCT takes place in the fill zone, which is also vertically around the 
circumference of the tower.  
 
Figure 2-15 Configuration of the NDWCT: (a) Counter flow (b) Crossflow 
 Aerodynamic behaviours and heat/mass transfer characters 
Like the performance of the NDDCT, at windless conditions, the airflow at inlet of the NDWCT is 
uniform, axisymmetric and stable, as shown in Figure 2-16. The circumferential inlet wind velocity 
are almost equal at all directions [41, 93]. Because of the heat and mass transfer in the rain zone, the 
air temperature increases as it approaches the centre of the NDWCT. Different from the NDDCT 
where the air temperature is almost uniform inside the cooling tower, air at the centre of the NDWCT 
has the highest temperature and humidity and the lowest velocity [61, 64, 94].  
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Figure 2-16 Contour of flow field of the NDWCT at windless condition: (a) air temperature, (b) air path lines 
[94]. 
Crosswind changes the distributions of the pressure and the velocity near the inlet and outlet of the 
cooling tower and destroys the uniform and axisymmetric distribution of flow inside the tower. At 
low crosswind velocities, because of the pressure drop of the rain zone, the crosswind effect on 
NDWCT is not significant and the circumferential inflow air velocities are almost unchanged [93]. 
However, like the aerodynamic performance of the NDDCTH, with the increase of the crosswind 
speed, air vortices and low pressure zones are formed inside the cooling tower. Al-waked [61] 
reported that when crosswind speed is about 2.5 m/s, two air vortices are emerged at the rain zone of 
a 130 m NDWCT. In lab-scale tests, Gao et al [41, 93] found that, when crosswind velocity is 0.2 
m/s, there are two slight vortices in windward side and leeward side. They are caused by the 
intersection of crosswind and rising airflow inside cooling tower. 
For NDWCT where the vertical air velocity inside the tower is smaller than that of NDDCT, the cold 
inflow effect at the top of the cooling tower has drawn a lot of attention. It is reported that at the top 
of the tower, crosswind brings more cold inflow at the windward and force the outflow to the leeward. 
In the lab-scale tests, the cold inflow was found to rise to a maximum value of 10% of air flow at a 
crosswind velocity of 0.2 m/s, and then went down to almost 2% of air flow rate as wind velocity 
increased to 0.8 m/s [95]. Numerical simulation of a large NDWCT [96] found the airflow separation 
at the outlet to be more important than the inlet at high crosswind velocities. Water tunnel 
experimental research [97] showed the flow separation at windward of outlet, which was highest at 
crosswind velocity of 2 m/s, and then shrank at increasing crosswind speeds. Similar to a dry cooling 
tower, the cold inflow effect decreases the air temperature inside the cooling tower, further degrading 
the driving force of the natural draft effect. 
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As the crosswind velocities further increase, the heat and mass transfer in the rain zone is enhanced 
by the increased turbulence. The hot air spots start shifting toward the windward side of the tower in 
the rain zone [61]. The increase in the air temperature at the windward side is due to the low-pressure 
zone generated below the fill, similar to the phenomenon described in section 2.2.4 and shown in 
Figure 2-9. Because of the reduced driving force, the air mass flow rate through the windward part of 
the cooling tower is decreased and a non-uniform airflow distribution is formed. Since most of the 
heat and mass transfer in a NDWCT is in the fill zone, the non-uniformity in the water to air 
distribution is believed to be the dominant factor in increasing the water temperature [61, 64]. 
For a wet cooling tower, the heat transfer due to evaporation is the dominant process comprising up 
to 65%-85% of total heat transfer. Figure 2-17 shows detailed heat transfer performance of a 129 m 
NDWCT in different crosswind condition [61]. While the heat transfer performance in the spray zone 
has been found to be almost independent of the crosswind velocity, the amount of heat exchanged in 
the rain zone and fill zone is sensitive to the crosswind velocity. At zero crosswind velocity, the fill 
zone is accountable for 82.1% of the total heat exchanged and the amount decreases with the increased 
crosswind speed. At crosswind velocity of 15 m/s, the percentage decreases and reaches 76.3%. In 
the rain zone, from a heat exchange value of 13.9% at no crosswind, it has changed to a value of 19.4% 
at a velocity of 15 m/s. The extra heat transfer in the rain zone can compensate part of the performance 
degrading in the fill zone. Therefore, the existence of the rain zone is an efficient way of reducing the 
effect of crosswind on the performance of NDWCTs. 
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Figure 2-17 The detail heat exchange performance in different zones inside a NDWCT [61] 
 
 Crosswind effect on the overall performance of NDWCT 
Figure 2-18 shows the overall performance of two NDWCTs under crosswind condition. The general 
trend of the tower performance versus crosswind speed is similar to the NDDCT. In Gao’s [98] lab-
scale tests, the greatest performance deterioration is about 1%, at a crosswind speed of around 0.5 
m/s. When crosswind speed is high enough, the performance is even found to be better than that at 
the windless condition. For a 129 m NDWCT, the maximum increase in the water temperature is 
about 1.8 K, when crosswind speed is about 7.5 m/s [61]. Compared with the dry cooling tower, it is 
noted that the reverse trend is more obvious in the NDWCT. Even in the full-scale measurements, 
this trend has been illustrated. In Kroger’s book [4], it is reported that, when crosswind speed is 
beyond 7 m/s, the performance of Gardanne cooling tower is found to be increased with the increasing 
crosswind speed. The reason of the reverse trend of the NDWCT under crosswind condition can be 
analysed on the analogy of the crosswind effect on the performance of the NDDCTH. At low 
crosswind, the natural draft effect and the uniformity of water-to-air mass flow ratio across the tower 
is destroyed, resulting in deterioration of heat and mass transfer. But as crosswind further increases, 
the enhanced turbulence of the airflow can intensify the heat and mass transfer in certain part of the 
tower, for example, the rain zone and the leeward part of the fill zone. Thus, the NDWCT performance 
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increases with the increasing of crosswind speed. Table 2-6 shows a summary of previous research 
about the crosswind effect on different NDWCTs. 
 
Figure 2-18 The overall performance of NDWCT in crosswind condition: (a) Lab-scale tests on a 0.85 m 
tower [98] (b) CFD simulation on a 129 m tower [61] 
 
Table 2-6 Crosswind effect on the thermal performance of NDWCT 
Researchers 
 
Tower size (m) 
(Height x base 
diameter) 
Research 
method 
Crosswind effect and Key findings 
Amur et al [99] - Full-scale  Air velocity inside the tower decreased 
by 30% when crosswind speed is 5 m/s 
 Investigated the influence of the 
surrounding structures 
Gao et al [41, 
93, 98] 
0.85 x 0.68 Lab-scale  Maximum ∆Two is 0.3 K at a wind 
speed of 0.4 m/s 
o Demonstrated and discussed the air 
vortex inside cooling tower 
Mondal et al 
[100] 
1.5 x 0.6 Lab-scale o Maximum ∆Two is 0.2 K at a wind 
speed of 0.6 m/s 
 Proposed several equations to predict 
the cooling tower performance 
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Rahmati et al 
[101] 
0.8 x 0.58 Lab-scale  Cooling efficiency decreased by 0.5% 
when crosswind speed is 0.4 m/s 
o Correlated the experimental data 
Kashani and 
Dobrego [102] 
82x 71 CFD o Cooling tower efficiency decreased by 
9% at a crosswind speed of 6 m/s 
 Investigated the windbreak wall and 
deflector   
Al-Waked and 
Behnia [61, 64] 
130 x 95.2 CFD  Maximum ∆Two is 1.8 K at a wind 
speed of 7.5 m/s 
o Investigated the heat transfer 
performance of different zones under 
crosswind condition 
Zhao et al [94] 165 x 133 CFD  Investigated the additional resistance 
at the outlet of the cooling tower 
   o  
 
 Summary of the Crosswind effect on the thermal performance of natural draft 
cooling tower 
The main findings and concerns regarding the crosswind effects on both NDDCT and NDWCT are 
summarised as following: 
 Crosswind has been proved to be a negative effect on the performance of natural draft cooling 
towers. In general, the influence degree can be ranged as: NDDCTV > NDDCTH> Counter 
flow NDWCT. The crosswind effect on the crossflow NDWCT is rarely reported in the open 
literature and is not expected to be significant. 
 The crosswind effect on NDDCTH and counter flow NDWCT is similar. The high wind 
velocity causes a low-pressure zone below the horizontally arranged fill/heat exchanger. This 
low-pressure zone is located at the windward part of the cooling tower. The driving force of 
the air is significantly reduced and the thermal performance in this area is deteriorated. 
Because of the existence of the rain zone, the wind effect on the NDWCT is less significant. 
 For a NDDCTV, under crosswind condition, the performance of the heat exchanger located 
in the windward section is enhanced while the heat exchangers located in the side section and 
leeward section is deteriorated. The high tangential velocity at the side section forms two low-
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pressure zones, which prevent the air flowing through the heat exchanger. In the leeward 
section, the performance deterioration is caused by the cross ventilation effect, which leads 
the hot air from the windward section penetrating the leeward section.  
 In high crosswind condition, air vortices are observed in both NDDCT and NDWCT. These 
vortices could further deteriorate the thermal performance of the cooling tower by preventing 
the air through the heat exchanger/fill and forming an extra flow resistance for the air to exit 
the cooling tower. 
 For all kinds of natural draft cooling tower, there is a critical crosswind speed, where the 
performance of the natural draft cooling tower reaches the minimum. When crosswind speed 
is higher than the critical crosswind speed, the thermal performance of the cooling tower starts 
to recover with increasing crosswind speed. For dry cooling towers, this trend can be 
explained by considering the relative significance of the natural convection and forced 
convection. 
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2.2.7 Mitigation Technologies 
Numerous mitigation technologies have been proposed to deal with the crosswind issue. In general, 
the mitigation technologies can be divided into two categories: the air side optimization and the water 
side optimization. Airside optimization targets to enhance the performance of the cooling tower by 
improving the airflow into the cooling tower or improving the air outflow from the cooling tower. On 
the other hand, waterside optimization uses the water mass flow redistribution to optimize the 
performance of the cooling tower.  
 Air side optimization 
Windbreak wall/deflectors  
Windbreak wall and wind deflectors are found to be the most effective way to mitigate the crosswind 
effect and have been widely investigated by many researchers. The windbreak wall can be installed 
inside of the cooling tower, outside the cooling tower or at both the interior and the exterior of the 
cooling tower.  
Internal windbreak wall 
The internal windbreak wall can be either “+” like or tri-blade-like, as shown in Figure 2-19. As 
discussed in section 3.1.1, because of the crosswind effect, a high air velocity zone forms at the 
windward part of the cooling tower and therefore forms a low-pressure zone, produces air vortices 
and reduces the air mass flow rate through the cooling tower. By applying the internal windbreak 
wall, the negative action of the crosswind on the cooling tower can be effectively reduced. Under 
crosswind condition, the windbreak wall can effectively obstruct the direct attack of crosswind to the 
interior flow field, it can change the direction of the crosswind and force the wind flow through the 
heat exchanger. Kroger [76, 103] simulated the effect of the cross wall on a 165m NDDCT operating 
with constant heat load of 650 MW. When crosswind speed is about 16 m/s, the ∆𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ can be 
decreased by 4oC by applying the windbreak wall. In Chen et al.’s [104] lab-scale tests, the cross wall 
could decrease the water outlet temperature of a NDWCT by 1.5oC. The tri-blade-like wall was 
investigated by Lu et al [6, 43, 74, 89], using both CFD modelling and lab-scale tests. They reported 
that under certain crosswind speeds, the performance of the NDDCT can be significantly increased 
and the negative effect of crosswind can be turned into a performance enhancement.  
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Figure 2-19 Interior windbreak wall: (a) Cross walls (b) Tri-blade-like wall 
More details of the wall geometry and the porosity have been investigated by a number of researchers. 
Al-waked and Kroger simulated the performance of the cooling tower under crosswind condition and 
with different wall porosity [76, 105]. They claimed that the variation in the wall’s porosity did not 
significantly degrade the thermal performance. In the wet cooling tower, Chen et al [104] proposed 
that the porous wall is even better than the solid wall. As discussed in section 2.2.6, the crosswind 
could increase the heat transfer performance in the rain zone. The air mass flow rate and heat and 
mass transfer in the rain zone will be reduced if the solid walls are applied. The porous walls, on the 
other hand, can ameliorate this effect by allowing the air to penetrate the walls and flow deeper into 
the rain zone. Kashani [106] and Kroger [76] investigated the height of the windbreak and proposed 
that the height of the windbreak doesn’t have to reach the heat exchanger level.  
External windbreak wall 
The windbreak wall can also be located outside the cooling tower, as shown in Figure 2-20. This kind 
of windbreak wall is mainly applied in the NDDCTV. Since the crosswind could significantly hinder 
the performance of the heat exchanger located at the lateral sides of the cooling tower by blocking 
the air pass through the heat exchanger, the simplest way to solve this problem is to place the 
windbreak wall at lateral sides of the tower, as shown in Figure 2-20(a). This method has been 
investigated by Zhai [46] and Goodarzi [85]. The cooling performance was reported to be increased 
by 50% after applying the windbreak wall. Since the enhancement by this kind of windbreak can be 
achieved only when the wind direction is normal to the wall, several alternative measures have been 
proposed, such as installing an enclosure outside the cooling tower (Figure 2-20 (b)) or installing a 
number of wind deflectors (Figure 2-20 (c)). Wang et al [81, 107] investigated the mitigation effect 
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of the enclosure on a 170 m NDDCT. They claimed that this method could greatly improve the non-
uniformity of air mass flow rate distribution in the cooling tower and about 36% more air mass flow 
rate can be achieved by applying this enclosure. The multiple windbreak walls shown in Figure 
2-20(c), also known as wind deflectors, are investigated by a number of researchers [68, 82, 102, 108-
112]. Ardekani et al [108] reported that guide vanes cascade installed in the dry cooling tower at 
Montazer Ghaem power plant. The measurements showed that the installation of the guide vanes 
promoted a more uniform temperature distribution of the heat exchangers located in both sides of the 
tower, resulting in a reduction of the water temperature of these heat exchangers by about 2 ºC, which 
is about 20% improvement in the performance of these heat exchangers. More detailed research of 
the wind deflectors is shown in Wang’s [109] lab-scale test and several researchers’[68, 110, 112, 
113] CFD modelling. Zhao et al simulated the effect of wind deflector on a 172 m NDDCTV and 
discussed the mechanism of this mitigation method. They proposed that the wind deflectors could 
change the radial inflow air velocity and the air inflow deviation degree at the entry of the cooling 
delta, resulting in enhanced heat exchanger performance. They found that the wind deflectors mainly 
improve the cooling delta in the side and leeward section and the overall water outlet temperature can 
be decreased by 1.37 ºC when crosswind speed is 6 m/s. 
 
Figure 2-20 External windbreak wall configurations (a) Side windbreak wall (b) Enclosure (c) Wind 
deflectors 
Combined windbreak wall 
Since the working mechanisms of interior and exterior windbreak walls are different, a number of 
researchers proposed windbreak wall installation of both, as shown in Figure 2-21. Al-waked [80, 
105] investigated their effect on both NDDCTH and counter flow NDWCT. He found that the 
external windbreak wall to have a more favourable effect at low crosswind speeds and the internal 
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windbreak wall to have more favourable effect at high-crosswind speeds. However, Kashani’s [102] 
simulation on a counter flow NDWCT found the cross walls inside the cooling tower to be superior 
to external windbreak walls at any wind speed. The interior-exterior windbreak wall is also applied 
in the NDDCTV. Yang et al [114] compared the effect of an internal windbreak wall, an external 
windbreak wall and the combined configuration. He proposed that the exterior windbreakers are 
superior to the interior ones for this kind of cooling tower. Zavaragh et al [115] proposed a 
combination of internal flat and external rounded windbreak wall. They claimed that the internal 
windbreak walls are used for eliminating the shifting effect of the crosswind while the external 
windbreak wall are designed for the delay of separation. The combined wall could provide both 
function and the air mass flow rate through the heat exchanger can be therefore increased. 
 
Figure 2-21 Combined windbreak wall : (a)Combined wall for NDDCTH (b) Combined wall for NDDCTV 
 
It is noted that no matter which kind of windbreak wall, the wind direction has a significant effect on 
the performance of these windbreakers [74, 80, 109, 113]. For example, in Lu’s [74] research on the 
internal tri-blade windbreak wall, they found that the effect could be varied more than 30% with 
different crosswind direction. While most of the external windbreaker is radial direction, Ma et al 
[113] investigated the optimal setting angels for the external windbreak wall. They claimed that under 
certain crosswind speed and direction, the windbreak walls with optimised angle have better 
performance than the conventional radial ones. 
Goodarzi [85] proposed that the air-cooled heat exchangers can be used to acting as the windbreak 
walls (radiator type windbreakers as the authors called). Since these heat exchangers functions as 
both windbreak wall as well as the extra heat transfer unit, the performance of the cooling tower is 
found to be better than applying solid windbreak wall. Gu et al [83] found that the louvers in the 
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cooling delta, which designed for prevent the air-cooled heat exchanger freezing at lower ambient 
temperature, can be used to mitigation the crosswind effect. Since the louvers can be flexibly adjusted 
based on the wind direction and velocity, the performance of the heat exchangers in the leeward 
section can be increased by altering the louver opening under certain wind speed. 
The main findings and concerns about the windbreak wall technology are summarized as following: 
 Windbreak wall has been proved to be an effect method to mitigate the crosswind effect for 
any type of natural draft cooling tower. 
 For dry cooling towers, the internal windbreak wall is preferred by the NDDCTH, while the 
external windbreak is preferred by the NDDCTV. On the other hand, both internal and 
external windbreak walls have been applied in the wet cooling tower.  
 The mitigation effect of the combination of the internal and external windbreak wall is found 
to be better than any one of them in isolation. This kind of windbreak wall can be applied in 
any type of the natural draft cooling tower at an additional cost. 
 The height and the length of the windbreak wall can be optimized to reduce the initial cost.  
 The porosity of the windbreak wall should be considered, especially for wet cooling tower 
where the heat transfer in the rain zone could be hindered by the solid windbreak wall. 
 The wind direction has a significant effect on the performance of the windbreak wall. The 
windbreak layout should be optimized according to the most frequent direction(s) of the local 
environmental crosswind.  
 The heat exchanger can be used to act as the windbreak wall. The performance of the cooling 
tower can be further enhanced but additional cost is required. 
 Extra flow resistance is produced by installing the windbreak walls, which should be 
considered in the design process.  
 Most of the research of the windbreak wall is based on the CFD modelling or Lab-scale tests. 
Full-scale application of the windbreak wall is rarely reported in the open literature. 
 
Cooling tower geometry and heat exchanger arrangement 
The geometry of the cooling tower, e.g. the tower base and exit diameter, height, throat diameter and 
throat height, is believed to play an important role to affect the performance of a natural draft cooling 
tower [69, 103]. As discussed in section 2.2.5, the aspect ratio (tower height to base diameter ratio) 
is a significant dimensionless parameter to represent the tower shell feature. Yang et al [69] 
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investigated the crosswind effect on three NDDCTVs with aspect ratios: 1.54, 1.30 and 1.05, 
respectively. They claimed that in high crosswind condition, the tower with low aspect ratio has a 
larger entrance area of crosswind and the dominated crosswind can bring more air to through the heat 
exchanger as well as the cooling tower. When crosswind speed is 20 m/s, the NDDCTV with low 
aspect ratio (1.05) can dump more than 15% heat compared with high aspect ratio tower (1.5). 
However, the air-cooled heat exchanger is the most expensive component of a NDDCT. The natural 
draft effect provided by the low aspect ratio tower is weaker thus more heat exchangers are needed. 
Therefore, the NDDCT with low aspect ratio may not be a cost effective option. 
Since the crosswind can deflect the plume exiting and throttles the air passage in the tower stack, 
Goodarzi [116] proposed a new tower geometry to reduce the throttling effect of the plume defection. 
As shown in Figure 2-22, Goodarzi suggested that the exit plane of the tower stack should be oblique 
to the horizontal reference plane. Two oblique angle, 27° and 45°, were compared by the author. 
According to his simulation result, about 9% improvement in the cooling efficiency was achieved 
with the oblique angle of 27º compared with conventional tower exit profile at the crosswind velocity 
of 10 m/s.  
 
Figure 2-22 New cooling tower geometry to mitigate the crosswind effect: (a) Oblique stack (b) elliptical 
cooling tower 
As discussed in section 2.2.5, for a NDDCTV, the performance of the heat exchanger located at the 
windward part is enhanced by the crosswind while the side section and the leeward section is 
decreased. Goodarzi [117] proposed that the tower performance can be increased by using the 
elliptical cooling tower cross section instead of the conventional circular one, as shown in Fig.20 (b). 
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Under certain crosswind direction, this geometry could make more air-cooled heat exchangers to be 
in the windward section thus the overall performance can be enhanced. According the Goodarizi’s 
numerical results, by applying this novel geometry, the cooling performance of the NDDCT can be 
increased by 10% when crosswind speed is 10 m/s. Yang et al also proposed a novel NDDCT design 
where bilaterally and triangularly arranged heat exchanger bundles would restrain the crosswind 
effect [118-120]. According to their results, under specific crosswind speeds and directions, the 
performance could be increased. 
However, the improvement from such new geometry suggestions is strongly dependent on the wind 
direction and wind speed. For example, in Figure 2-22, the effect of the enhancement can be achieved 
only when the higher side of the stack and the longer axis of the novel cooling tower is faced to the 
wind direction. Therefore, these methods may only be applied in the areas where the wind direction 
is constant. 
For the NDDCTH, Kroger [76] and Yang [70] compared the effect of the heat exchanger layouts on 
the performance of the cooling tower. As shown in Figure 2-23, the heat exchanger layout can be 
either radial pattern or rectangular pattern. Their results show that the performance of these two kinds 
of cooling tower is different in crosswind condition. The performance of the NDDCTHs with radial 
pattern of heat exchangers are more sensitive to the crosswind. For a NDDCTH with rectangular 
pattern of the heat exchanger, under certain crosswind speed condition, the tower performance is 
found better when the crosswind direction is 45o, as shown in Figure 2-23. Thus, if a NDDCTH is 
designed with the rectangular pattern of heat exchanger, the prevailing wind direction should be taken 
into account in the design process. On the other hand, Kapas [121] found that the cooling delta angle 
could affect the airflow pattern through the heat exchangers and thereby affect the thermal 
performance of the NDDCTV. In NDWCT, Gao et al [122] proposed the non-uniform fill distribution 
method to optimized the cooling tower performance. For cooling towers with the non-uniform air 
distribution, as can be expected to be caused by the crosswind, this method can effectively enhance 
the tower performance. In their lab-scale tests, 30% more heat transfer rejection can be achieved by 
applying the non-uniform fill layout. 
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Figure 2-23 Heat exchanger layout: (a) radial pattern (b) rectangular pattern 
 
Multi-tower interference 
In large thermal power plants, several cooling towers are often built close together because of the 
limited place. The interference among the towers are also investigated by number of researchers [64, 
71, 83, 123, 124]. In windless condition, the interference between the towers and adjacent structures 
is not significant. However, in the crosswind condition, the surrounding structures, adjacent cooling 
tower and wind directions all affect the airflow rate inside the tower. The surrounding upstream 
structures may have flow-conditioning-(sheltering)-effects and can therefore alleviate the adverse 
effects of wind on the tower performance, and improve cooling tower performance in the windy 
conditions. Yang et al [124] investigated the effect of the tower spacing and the tower arrangements. 
They pointed out that the multi-tower interference changes with the distance between the towers. 
Moreover, they also claimed that compared with the staggered and side-by-side arrangements, in-line 
tower arrangements have better performance.  
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 Water side optimization 
A natural draft cooling tower is normally designed and operated with the heat exchanger bundles (or 
areas of the fill in wet cooling tower) all receiving the same water flow. This is suitable in windless 
condition with uniform airflow inside the cooling tower. With crosswind, the uniform air mass flow 
rate across the heat exchanger/fill is destroyed, as discussed in section 2.2.4-2.2.6. This means some 
heat exchanger panels would have increased heat rejection capacity while others would not be able 
to achieve their design heat rejection capacity. Figure 2-24 shows the water outlet temperature 
distribution of a 20-m NDDCTH working under crosswind condition [77]. As can be seen in the 
figure, if the hot water supply for each heat exchanger is same, the cooling tower performance shows 
significant variation amongst the heat exchangers. The greatest water outlet temperature difference 
between two certain heat exchanger (12, 8) bundles could be more than 20 oC. The hot water in certain 
part of the cooling tower (8, 9, 10, 11, 15 16, 17) is not effectively cooled whilst other parts have 
unused cooling capacity. 
 
Figure 2-24 Hot water outlet temperature distribution of a 20m NDDCT 
In order to address the above issue, controlled water distribution was proposed to enhance the 
performance of the cooling tower in windy conditions [77, 125-127]. The general idea of this method 
is to adjust the hot water mass flow rate in different areas of the cooling tower to better match the 
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cooling air. If a heat exchanger bundle in the NDDCT or a fill in the NDWCT is receiving more air 
due to the crosswind, more hot water is distributed to that area. Optimal performance of the cooling 
tower can be achieved when the water/air mass flow ratio across the heat exchanger or fill is uniform, 
where the outlet water temperature could be more uniform and smaller entropy is generated [127]. 
As can be seen in Figure 2-24, by applying the hot water redistribution method, for a 20-m NDDCTH, 
the heat exchanger outlet temperatures become more uniform and the overall cooling tower outlet 
temperature can be decreased by 2.5 oC [77]. This method was also considered in the NDWCT and 
NDDCTV. For a 129-m NDDCTV, this method was predicted to increase the heat rejection rate of 
the cooling tower by 2%. In a NDWCT, 4% more heat rejection rate was predicted to result from this 
method [127]. 
Compared with the airside optimization method, this method does not require any structural operation 
or costly equipment. It can be utilized in both new or existing cooling towers [125]. For small size 
cooling towers, the water mass flow rate can be controlled by the proportional control valves while 
in big cooling towers the water mass flow rate can be controlled by using variable speed pumps [77]. 
In addition, this method can also be combined with the air side optimization method, e.g, the 
windbreak wall. It has been demonstrated that for a NDDCT with internal windbreak wall or external 
wind deflectors, the performance of certain part of the cooling tower is extremely better than the 
others. Therefore, the overall performance of the cooling tower can be further enhanced if the water 
distribution method is applied in such cases.  
 
 Summary  
In this section, we categorized and reviewed the previously proposed mitigation technologies for 
crosswind issue. The main features and concerns are summarized in Table 2-7. Windbreak wall is the 
most common way to deal with crosswind effect and is the only method that has been experimentally 
validated. The special cooling tower geometry can be considered only when the crosswind direction 
in the local area is constant. The cooling tower heat exchanger/fill layout and cooling delta angle can 
be optimized considering the most frequently wind direction in the local area. The water side 
optimization can enhance the overall performance of the cooling tower in the crosswind condition by 
adjusting the water mass flow rate in different heat exchanger/fill and can be combined with any of 
the air side optimization methods. 
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Table 2-7 Summary of the crosswind mitigation technologies 
Mitigation 
method 
Feasibility Main function and advantage Disadvantages 
Interior windbreak NDDCTH
, NDWCT 
 Change the direction of 
the crosswind and force 
it through the heat 
exchanger/fill 
 The mitigation effect is 
the most significant  
 Extra flow 
resistance 
 High initial 
cost 
Exterior 
windbreak/deflector 
NDDCTV
, NDWCT 
Interior + Exterior 
windbreak wall 
All type 
Oblique tower 
outlet 
All type  Reduce the throttling 
effect of the plume 
defection 
 Rely too 
heavily on the 
wind direction 
Low aspect ratio 
tower 
All type  Crosswind can bring 
more air to through the 
heat exchanger 
 Not a cost 
effective 
choice. 
Elliptical/bilateral 
shape 
NDDCTV 
,crossflow 
NDWCT 
 Make more air-cooled 
heat exchangers to be in 
the windward section 
 Not a cost 
effective 
choice. 
 Rely too 
heavily on the 
wind direction 
Special heat 
exchanger/fill 
arrangement 
All type  Crosswind can bring 
more air to through the 
heat exchanger/fill 
 Mitigation 
effect is not 
significant 
Hot water 
redistribution 
All type  Better match the cold air 
and hot water 
 Low initial cost 
 Difficult to 
control 
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2.2.8 Conclusion 
This paper reviews more than 110 articles to summarize the current status of crosswind issue on the 
natural draft cooling towers regarding the research methodologies, the working mechanism of 
crosswind on different types of cooling tower, and the most current findings and solutions to mitigate 
the crosswind effect. 
Full-scale/field measurements, lab-scale tests and CFD modellings are the common research methods 
to investigate the crosswind issue. Each method has its own advantage and disadvantage. For full-
scale measurements, the crosswind effect can be directly measured but the instrumentation systems 
are expensive and data are more scattered due to the uncontrollable ambient conditions. Lab-scale 
tests can provide better instrumentation system and controllable wind speed but the similarity 
parameters of both Froude and Reynolds number cannot be satisfied at the same time and therefore 
the results are difficult to scale up to real towers. CFD modelling is the most popular, versatile and 
cost-effective approach for studying the effect of crosswind on cooling tower performance but the 
numerically computed results need to be validated.  
Crosswind has negative effect on the thermal performance of any kind of natural draft cooling tower. 
For different kind of natural draft cooling tower, the deterioration degree and working mechanism is 
different. In general, the deterioration degree can be ranked as: NDDCTV > NDDCTH > Counter 
flow NDWCT. The crosswind effect on NDDCTH and counter flow NDWCT is similar. The main 
reason is the low-pressure zone at the windward part of the cooling tower. For NDDCTV, crosswind 
deteriorates the thermal performance by preventing the air through the heat exchanger on the sides 
(on the parts at 90o to the wind direction) and making the hot air penetrating to the heat exchanger in 
the leeward part. 
Numerous mitigation methods are proposed to deal with crosswind issue. They can be divided into 
air side enhancement and water side enhancement, according to the optimization objective. 
Windbreak wall is the most feasible and effective air side enhancement measure to mitigate the 
negative effect of the crosswind. On the other hand, the crosswind effect can also be relieved by 
optimizing the hot water distribution in the cooling tower.  
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Chapter 3 Numerical study of the small natural draft dry cooling tower 
 
Chapter 3 is based on a paper published on Applied Thermal Engineering. This paper presents the 
details of the numerical studies on the 20 m Gatton cooling tower. A 1-D analytical and a 3-D CFD 
model of this cooling tower are developed. The cooling performance of the cooling tower is 
investigated at different ambient temperatures, inlet water temperatures and crosswind speeds. The 
working mechanisms of the above factors are discussed in detail. The results found in this chapter 
give reference for the experimental work in Chapter 4 and 5. 
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Simulation of the UQ Gatton Natural Draft Dry Cooling Tower 
Xiaoxiao Li1 *, Zhiqiang Guan1, Hal Gurgenci1, Yuanshen Lu1, Suoying He2 
1School of Mechanical and Mining Engineering, The University of Queensland, Brisbane, Australia 
2School of Energy Source and Power Engineering, Shandong University, Jinan, China 
Applied Thermal Engineering 105 (2016) 1013-1020 
ABSTRACT: A Natural draft dry cooling tower (NDDCT) is a cost-effective cooling technology 
which can be utilized in most of geothermal and concentrated solar thermal (CST) power plants. 
While a number of numerical studies have been done on NDDCTs in recent decades, experimental 
studies on full-scale cooling tower, especially small-size NDDCTs, are very few. To fill this gap, 
Queensland Geothermal Energy Centre of Excellence (QGECE) at The University of Queensland has 
built a 20 m NDDCT. In this study, a 1-D analytical and a 3-D CFD models of this cooling tower 
were developed and the cooling performance was investigated at different ambient temperatures, inlet 
water temperatures and crosswind speeds. The results show that NDDCT in such a size is capable for 
a 2-3 MW CST power plant. The cooling performance of the NDDCT decreases with the increase in 
the ambient temperature and the decrease in the inlet water temperature. In terms of the crosswind, 
the heat rejection ratio decreases with the increase of the crosswind velocity at low crosswind speeds. 
However, when the crosswind speed becomes large enough, the heat dumped at the bottom of the 
tower can compensate some losses in cooling capacity caused by the crosswind. The results found in 
the present study give reference for future tests. 
 
Key words: Natural draft dry cooling tower (NDDCT), Cooling performance, CFD modelling 
 
3.1 Introduction 
Natural Draft Dry Cooling Towers (NDDCTs) have been successfully used in traditional thermal 
power plants for several decades. Towers used in such plants are typically more than 100 m in height 
[4, 16]. Geothermal power plants and concentrated solar thermal (CST) power plants are promising 
renewable power generation systems. Compared with conventional thermal power plants, these plants 
are likely to be smaller and usually located in water deficient areas [128]. Short-NDDCTs, which can 
effectively discharge heat and do not consume any water and electricity, are likely to be a feasible 
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cooling technology for these kinds of power plants [5, 27] . Past studies have identified the 
vulnerability of short natural draft towers to ambient influences, especially the crosswind and the hot 
ambient temperature [6, 34, 39, 129]. This paper describes the simulated performance of a 20 m tall 
experimental NDDCT constructed at the University of Queensland. 
In a NDDCT, the driving force for the airflow is the air density difference between the inside and 
outside of the tower. The “stack effect” forms a stable airflow through the heat exchangers located 
inside the tower, resulting in the removal of heat from the heat exchangers. Kroger et al. [4] 
summarized the past researches on air-cooled heat exchangers and the fluids mechanics and proposed 
a useful 1-D analytical model to predict the cooling efficiency of NDDCTs in the absence of 
crosswind. Their 1-D model combines the energy balance equations and the airflow draft equations. 
When these two groups of equations are both satisfied, the cooling performance of the NDDCT can 
be calculated. 
The influence of the crosswind has received significant attention in the last few decades [45, 76, 130]. 
According to previous studies, the crosswind has a negative effect on the cooling tower. Su et.al [36] 
simulated the fluid flow and the temperature distribution of the dry cooling tower under the crosswind. 
The results without crosswind have been compared against those obtained with crosswind, at the 
speeds of 5 and 10 m/s. Based on the simulation result, the authors explained how the crosswind 
affects the cooling performance of the tower. Al-Waked and Benhia [39] analysed the performance 
of a NDDCT under crosswind using a three-dimensional computational model. The effectiveness of 
the windbreak walls has also been studied in this paper. The authors proposed two parameters to 
better express the effect of the crosswind. According to their simulation results, the crosswind 
velocity has a big effect on the cooling performance of the NDDCT. The cooling performance drops 
by 30% when the wind velocity exceeds 10 m.s-1. Al-Waked and Benhia’s study on crosswind was 
however limited to tall towers used in large thermal power plants. Lu et.al [56, 74] investigated the 
crosswind effect on small sized NDDCTs. They examined the simulated performance of a 15 m 
NDDCT with horizontally-arranged heat exchangers. Different velocities and different angles of the 
wind were discussed. In contrast to the previous work, Lu et al claimed that the crosswind is not 
always a negative factor. The total cooling performance of the NDDCT can be increased when the 
crosswind is large enough. A tri-blade windbreak wall was simulated at different wind attack angles 
(0°, 10°, 20°, 30°, 40°, 50°, 60°). The authors explained how the windbreak wall can enhance the 
cooling performance with the increase of the crosswind speed. Zhao et al [68, 131] studied the cooling 
performance of a NDDCT with vertical delta radiators under the constant heat load. With constant 
heat load and uniform water inlet temperature, the cooling performance of each heat exchanger sector 
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was analysed under crosswind impact. The authors claimed that with increasing crosswind velocity, 
the cooling performance of NDDCT under constant heat load deteriorates sharply at low velocity, but 
varies slightly at high velocity. 
The Queensland Geothermal Energy Centre of Excellence (QGECE) has been developing the small 
size NDDCT for CST and geothermal power generation systems [6, 42, 56, 74]. This research is 
necessary because the existing NDDCT design is optimised for large stream power plant, and is not 
optimal for a CST plant. A 20 m high NDDCT designed for CST power plant is commissioned and 
will be tested for the future application as a part of CST energy system. Based on the above literature 
review, for short NDDCTs (less than 30 m height), their cooling performance is more sensitive to the 
ambient conditions. Therefore, an accurate simulation of the ambient influence on a small sized 
NDDCT is a very important prerequisite for the future test on the same NDDCT. In this paper, the 
results of the 1-D and 3-D models of the Gatton NDDCT are presented. The objectives of this work 
are as follows: (1) to study the influence of the ambient temperature and crosswind on this specific 
small NDDCT. (2) to investigate the feasibility of the small NDDCT for renewable power plant. 
3.2 1-D simulations 
The simulated cooling tower is of hyperbolic shape and is 20 m high with the base diameter of 12 m. 
Figure 3-1 presents the configuration of the tower. 18 heat exchanger bundles are located horizontally 
above the inlet cross section of the tower.  
 
Figure 3-1 Gatton cooling tower configuration 
To calculate the performance of the cooling tower, the energy balance equations and draft equations 
must be satisfied simultaneously. The assumptions of the 1D model are as following: 1) The cooling 
tower is operated in the stable condition. 2). The flow resistances other than tower support, the heat 
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exchanger and the tower outlet were neglected. 3) The heat transfer process only happens in the air-
cooled heat exchanger. As presented in Figure 3-1, adapted from Kröger’s cooling tower model, the 
pressure drops between positions 1 and 5 include: the tower support resistance (Kts), the heat 
exchanger compact resistance (Kctc), the heat exchanger expansion resistance (Kcte), the heat 
exchanger bundle resistance (Khe) and the tower outlet resistance (Kto).  
Using these five coefficients, the draft equation of the cooling tower can be expressed as 
𝑝a1{[1 −
0.00975(𝐻3 + 𝐻4)
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]
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(3-1) 
The definitions of all terms can be found in the Nomenclature table. The tower support loss coefficient 
based on the conditions at the tower support is calculated as  
𝐾ts = 𝐶Dts𝐿ts𝑑ts𝑛ts/𝜋𝑑3𝐻3                                                      (3-2) 
The heat exchanger contraction and expansion loss coefficients can be calculated using the Eqs. (3-
3) and (3-4) respectively. 
𝐾ctc = 1 −
2
𝜎𝑐
+
1
𝜎𝐶
2 
(3-3) 
𝐾cte = (1 −
𝐴𝑒3
𝐴3
)2 
(3-4) 
where σc is the compact area ratio of the heat exchanger, Ae3 is the projected frontal area of the bundles. 
For towers with cylindrical outlets, the loss coefficient is given by 
𝐾to = −0.28𝐹𝑟D
−1 + 0.04𝐹𝑟D
−1.5                                               (3-5) 
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where  
𝐹𝑟D
−1 = (
𝑚𝑎
𝐴5
)
2
/[𝑝𝑎5(𝜌𝑎5 − 𝜌𝑎6)g𝑑5] 
                                                 (3-6) 
The logarithmic mean temperature difference method was selected to calculate the energy balance of 
the heat exchanger. The energy balance can be presented by Eqs. (3-7) or (3-8). 
𝑄 = 𝑈𝐴
(𝑇wi − 𝑇ao) − (𝑇wo − 𝑇ai)
ln⁡[
(𝑇wi − 𝑇ao)
(𝑇wo − 𝑇ai)
]
 
                                   (7) 
or 
𝑄 = 𝑚a𝑐pa(𝑇ao − 𝑇ai) = 𝑚w𝑐pw(𝑇wi − 𝑇wo)                                 (8) 
For NDDCTs, the air-cooled heat exchanger is one of the most important part. In Gatton cooling 
tower, a bank of 18 individual heat exchanger bundles was horizontally installed at the height of 5 m. 
These heat exchanger bundles cover 70% of the total cooling tower cross-section area. Each heat 
exchanger bundle consists of 22 parallel circuits. Each circuit has 10 tubes delivering 10 passes of 
the entire length of the bundle. In an air-cooled heat exchanger, the air side loss contributes the most 
heat transfer resistance [54]. To simplify the calculation, this paper correlated the heat transfer 
coefficient (UA) and the loss coefficient (Khe) as functions of Reynold number of the air (Reair). The 
software Aspen Exchanger Design and Rating was used to get the correlations of Reair with UA and 
Khe. The simulation result has been compared with the data provided by the heat exchanger 
manufacturer. The deviation of the simulation is less than 3%. 
For the particular heat exchanger configuration in the Gatton cooling tower, Eq. (3-9) and (3-10) 
express the correlations of Reair and UA and Khe., respectively, 
𝑈𝐴 = −0.0422𝑅𝑒air
2 + 166.6𝑅𝑒air + 27226                                            (3-9) 
𝐾he = 0.00005𝑅𝑒air
2 − 0.0743𝑅𝑒air + 58.889                                          (3-10) 
Figure 3-2 is the flow chart of the iteration process. Based on Eqs. (1) to (10), the 1-D model of the 
NDDCT can be built and a solution can be obtained through a simple iterative procedure, which is 
described as the following: 
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1) Input the tower configuration parameters, the heat exchanger parameter, the water input 
conditions and the ambient conditions; 
2) Assume the outlet temperature of the heat exchanger Ta4 equal to the water inlet temperature 
Twi; 
3) Calculate the air mass flow rate ma using the draft equations: Eqs. (3-1) to (3-6) and (3-10); 
4) Use the energy balance equation: Eq. (3-8) to get the outlet temperature of the water and the 
air enthalpy change Q1; 
5) Use heat exchanger equation Eqs. (3-7) and (3-9) to get the heat flux of the air-cooled heat 
exchanger Q2; 
6) Take n as 104, if │Q1-Q2│> n, set Ta4=Ta4-Tstep, then repeat steps 3 to 5; 
7) Output the results when │Q1-Q2│< n; 
 
 
Figure 3-2 Flow chart of the iteration process of the 1D model 
3.3 3-D CFD modelling 
A one-dimensional model is not capable to simulate the crosswind effect. To investigate the 
crosswind effect on the cooling tower performance, this study used ANSYS Fluent to build a 3-D 
CFD model of the Gatton cooling tower. The cooling performance under different crosswind 
conditions was modelled. 
3.3.1  Mesh and geometry 
The geometry of the cooling tower in this CFD model is the same as the physical size of the Gatton 
cooling tower. In this simulation, the cooling tower has been divided into 3 parts: the tower support, 
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the heat exchanger and the main tower. In order to get an accurate result and better compare with the 
future experiment, the geometry of the heat exchanger is set as same with the experimental cooling 
tower. So that the single heat exchanger performance can be calculated and compared with 
experimental result later. A 90 m high cylinder with a diameter of 144 m is set as the computational 
domain area. Figure 3-3 shows the geometry of the 3-D model. 
About 1, 320, 000 unstructured prism cells are used in the model. The grid-independence test has 
been done. The deviation of the results was less than 1% when the quantity of the cells is over 1, 300, 
000. The ANSYS meshing high smoothing and slow transition curvature size function are adopted to 
generate the mesh. The element size of the tower and heat exchanger is set to be 0.3 m while the 
element size of the computation domain area is 0.5 m.  
 
Figure 3-3 Geometry diagram of the 3-D model 
3.3.2 Boundary condition 
The bottom face of the computation domain and tower surface are defined as the zero heat flux and 
non-slip wall with the standard wall function. In windless condition, the side face of the cylinder is 
defined as the pressure inlet boundary and the pressure outlet boundary condition is applied on the 
top face of the cylinder.  In the crosswind condition, a velocity inlet boundary condition is applied at 
the side face of the cylinder, with the velocity profile define: 
𝑣cw
𝑣ref
= (
𝑦
𝑦ref
)
0.2
 
                                                         (3-11) 
The temperatures and pressures at both the inlet and outlet boundaries are set same as the ambient 
one. Because of the low-turbulence level of advection natural wind, the impact of the turbulence 
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intensity and viscosity ratio was very little at the computation domain boundaries [37]. They can be 
set as 0.1% and 0.1, respectively.  
The heat exchanger bundles in the cooling tower are modelled by the radiator model with a porous 
zone. The internal structure of the air cooled heat exchangers are simplified as a porous media zone 
which represents all the air flow resistances within the heat exchangers. According to FLUENT user’s 
guide, the heat transfer process in the radiator can be expressed by Eq. (3-12). 
𝑞 =
?̇?𝑐𝑝∆𝑇
𝐴
= ℎ(𝑇r − 𝑇ao) 
                                                   (3-12) 
The pressure drop of the system heat exchanger bundles is modelled by porous zone through adding 
a momentum source term into the corresponding momentum equation. As presented in Eq. (3-13), 
the source term is composed by two parts: a viscous loss term and an inertial loss term. 
𝑆𝑖 = −(
𝜇
𝛼
𝑣𝑖 + 𝐶2
1
2
𝜌|𝑣|𝑣𝑗) 
                                                   (3-13) 
The parameters in Eqs (3-12) and (3-13) can be correlated by calculating the 1-D model under 
different conditions.  
 
3.3.3  Governing Equations 
According to the previous research [26, 38, 42, 64, 68, 71, 131], the realizable k-ε model has been 
selected in this study. The general term of the governing equations can be expressed as:  
∇. (𝜌𝑢ϕ − Γϕ∇ϕ) = 𝑆ϕ                                                     (3-14) 
where ⁡ϕ is the scalar quantity of each parameters in this model; Γϕ is the diffusion coefficient and 
𝑆ϕ is the source term. Table 3-1 presented the expression of the three parameters in the above equation.  
Table 3-1 The 3-D governing equation parameter 
 ϕ 𝑆ϕ Γϕ 
Continuity 1 0 0 
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x momentum U −
𝜕𝑝
𝜕𝑥
+
𝜕
𝜕𝑥
(𝜇𝑒
𝜕𝑈
𝜕𝑥
) +
𝜕
𝜕𝑦
(𝜇𝑒
𝜕𝑉
𝜕𝑥
) +
𝜕
𝜕𝑧
(𝜇𝑒
𝜕𝑊
𝜕𝑥
) +
∆𝑝𝑥𝐴𝑐
𝑉𝑐
 𝜇𝑒 
y momentum V 
−
𝜕𝑝
𝜕𝑦
+
𝜕
𝜕𝑥
(𝜇𝑒
𝜕𝑈
𝜕𝑦
) +
𝜕
𝜕𝑦
(𝜇𝑒
𝜕𝑉
𝜕𝑦
) +
𝜕
𝜕𝑧
(𝜇𝑒
𝜕𝑊
𝜕𝑦
)
+
∆𝑝𝑦𝐴𝑐
𝑉𝑐
 
𝜇𝑒 
z momentum W −
𝜕𝑝
𝜕𝑧
+
𝜕
𝜕𝑥
(𝜇𝑒
𝜕𝑈
𝜕𝑧
) +
𝜕
𝜕𝑦
(𝜇𝑒
𝜕𝑉
𝜕𝑧
) +
𝜕
𝜕𝑧
(𝜇𝑒
𝜕𝑊
𝜕𝑧
) +
∆𝑝𝑧𝐴𝑐
𝑉𝑐
 𝜇𝑒 
Energy T 
1
𝑐𝑝
(
𝑞𝐴𝑐
𝑉𝑐
) 
𝜇
Pr
+
𝜇𝑡
Pr𝑡
 
Turbulent energy k 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 
𝜇𝑒
𝜎𝑘
 
Energy dissipation ε 𝐶1𝜀
𝜀
𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌
𝜀2
𝑘
 
𝜇𝑒
𝜎𝜀
 
 
where 
Gk = μe {2 [(
∂U
∂x
)2 + (
∂V
∂y
)2 + (
∂W
∂z
)2] + (
∂V
∂x
+
∂U
∂y
)2 + (
∂V
∂z
+
∂W
∂y
)2 + (
∂U
∂z
+
∂W
∂x
)2} 
𝜇𝑒 = 𝜇 + 𝜇𝑡;               𝜇𝑡 = 𝐶𝜇𝜌
𝑘2
𝜀
;               𝐶1𝜀 = 1.44;                𝐶2𝜀 = 1.92; ⁡⁡⁡⁡⁡⁡⁡⁡𝐶3𝜀 = tanh(
𝑈𝑝𝑎
𝑈𝑝𝑒
); 
𝐺𝑏 = −𝑔
𝜇𝑡
𝜌Pr
𝜕𝜌
𝜕𝑦
  ;           𝐶𝜇 = 0.09;       𝜎𝑘 = 1.0;    𝜎𝑘𝜀 = 1.3;      Pr=0.74;         Prt=0.85 
 
3.4  Results and discussions 
3.4.1 1-D simulation result 
In the present 1-D simulation, the water mass flow rate is fixed at 14.8 kg.s-¹. The temperature of the 
hot water inlet is ranged from 53.31℃ to 93.31℃ while the ambient temperature varies from 15℃ to 
45 ℃. Figure 3-4 and Figure 3-5 presents the variations in the air mass flow rate and the heat rejection 
rate of the cooling tower. 
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Figure 3-4 The air mass flow rate of the Gatton NDDCT at different ambient temperature 
 
Figure 3-5 The heat rejection rate of the Gatton NDDCT at different ambient temperature 
Figure 3-4 and Figure 3-5 show that, both the heat rejection rate and the air mass flow rate decrease 
as the ambient temperature increases or the hot water inlet temperature decreases. Within the ambient 
temperature changes from 15 ℃ to 45 ℃., the air mass flow rate decreases by 66%, 49%, 36%, 27% 
and 21%, when the hot water temperatures are 53.31℃, 63.31℃ 73.31℃, 83.31℃ and 93.31℃, 
respectively. These drops in heat rejection are heat rejection rate are 87%, 71%, 58%, 48%, and 42%, 
respectively. It can be seen in Figure 3-4 and Figure 3-5, the cooling tower performance is more 
sensitive when the hot water temperature is close to the ambient temperature. 
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Eq. (3-15) is the simplified draft equation of the cooling tower. The right side of the equation presents 
the draft provided by the cooling tower while the left side is the airflow resistance in the cooling 
tower. In a NDDCT, the airflow in the cooling tower is mainly determined by the air density 
difference, the draft height and the pressure loss of the heat exchanger. For a given cooling tower, the 
main influencing factor of the airflow is the density difference between the hot air inside the tower 
and the cool air outside the tower.  
𝜌a34𝑣a
2𝐾T/2 = (𝜌a4 − 𝜌a3)g(𝐻5 − 𝐻4) 
 (3-15) 
where⁡𝐾T is the loss coefficient of the cooling tower,⁡𝑣a is the air velocity inside the cooling tower, 
𝜌a34 is the average density of air through the heat exchanger, 𝜌a3 is the air density at the entrance of 
the heat exchanger, 𝜌a4 is the air density at the exit of the heat exchanger. 
Based on the physical property of the air, the larger the temperature difference between hot and cool 
air, the bigger the air density difference exists. The rise in ambient temperature and the decrease in 
hot water temperature both decrease the temperature difference between the inside and outside air of 
the tower. Thus, the airflow rate passing through the tower was adversely influenced. On the other 
hand, the driving force of the heat transfer process is the temperature difference between the ambient 
air and the hot water inside the heat exchanger. The rise in the ambient temperature decreases this 
temperature difference and as a result, impairing the heat transfer process. The cooling performance 
of NDDCTs relies mainly on the convective heat transfer created by the natural draft effect and thus 
not as effective as that in wet cooling towers. So the cooing performance is particularly reduced when 
the ambient air is hot. 
For the CST plant using the super-critical CO2 power cycle proposed by the University of Queensland, 
the condensing temperature is around 70 ℃. When the ambient temperature varies from 15℃ to 40℃, 
the heat rejection rate of the cooling tower changes correspondingly from 3.1 MW to 1.9 MW. 
Considering the higher thermal efficiency of the supercritical CO2 cycle and hence the relatively 
smaller cooling requirement, this small size NDDCT is suitable for 2-3 MW CST plant.  
3.4.2 3-D simulation result  
The cooling performance of Gatton tower was simulated using the 3-D model described in Section 
3.3. The simulation results of the 3-D model were first compared with 1-D model in no crosswind 
condition. Figure 3-6 gives the comparison of the 1-D and 3-D model results in different ambient 
temperature. The numerical results of the 3D model in no-wind case have a good consistence with 
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the 1-D model. The deviations between the 1-D and 3-D models in air outlet mass flow rate and air 
outlet temperature are about 1.3% and 1.5% respectively. 
 
Figure 3-6 Comparison between the 1-D model and the 3-D model: ■ ma calculated by 1-D model □ ma 
calculated by 1-D model ● Tao calculated by 1-D model ○ Tao calculated by 3-D model 
Different crosswind velocities ranging from 0 m/s to 15 m/s are discussed in this paper. The heat 
exchanger temperature is set to be 50 ℃ and the ambient temperature is 25 ℃ in the simulation. Figure 
3-7 presents the air stream line of the cooling tower at different crosswind velocities. In the simulation, 
the crosswind is aligned with z axis direction. 
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Figure 3-7 3-D steam lines of the cooling tower in different crosswind condition 
In Figure 3-7, the ambient air is moving through the heat exchanger from the tower bottom towards 
the top driven by the natural draft when there is no crosswind. In such a case, the air flow near the 
edge of the heat exchanger is slightly smaller than that in the centre. This is because the resistance 
near edge of the heat exchanger is larger than that in the centre area. When crosswind appears, the air 
flow inside the tower is disturbed. Under low crosswind speed (less than 4 m/s) condition, the air 
flow in the windward part of the heat exchanger is decreased and thus smaller than that in the leeward 
part. Once the speed reaches 4 m/s or above, the vortices are formed in the tower. The vortices at the 
bottom of the cooling tower redistribute the hot air above the heat exchanger and thus further impair 
the heat transfer. With the further increase of the crosswind speed, vortices are also generated at the 
top of the cooling tower which making the air difficult to exit the tower. Consequently, both the air 
flow process and the heat transfer in the tower are reduced by the crosswind.  
Figure 3-8 is the pressure profile at the bottom of the cooling tower. In the windless condition, the 
pressure distribution is almost uniform. In addition, because of the natural draft effect, the pressure 
in that area is smaller than the ambient pressure, so that the air can be sucked in the cooling tower. 
However, the distribution of the air pressure is changed with the appearance of the crosswind. With 
the acceleration of the air as it flows around the lower part of the cooling tower, a low pressure area 
is generated at the windward part of the cooling tower and the air flow is seriously affected in this 
area. When crosswind speed is small, this low pressure area decreases the air flow mass flow rate in 
this area by decreasing the air pressure difference. As the crosswind increases, the pressure 
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distribution is even more un-uniform in windward area, which result in the sucking out of the hot air 
from the cooling tower. Thus in Figure 3-7, the vortices are seen in this area when the crosswind 
speed is large enough. 
 
Figure 3-8 Pressure contour at the bottom of the heat exchanger at crosswind speed of 0 m/s and 4 m/s 
Figure 3-9 presents the temperature contours at the middle cross section of the tower. With the 
influence of the crosswind, a high temperature region was formed on the windward side of the cooling 
tower, due to the decreasing of the amount of cold air in this area. On the other hand, for the cooling 
towers which have the horizontally placed heat exchanger, the heat can be dumped from both the 
bottom and the top of the tower [42]. According to the temperature contour, under non-crosswind 
condition, all the heat will only be dumped from the top of the tower. However, when crosswind 
exists, the heat from the heat exchanger will be taken away by both the upward air steam created by 
the buoyance force and the forced convection created by the wind. Thus in Fig. 8, a high temperature 
area is generated at the bottom of the heat exchanger when the crosswind occurs.  
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Figure 3-9 The temperature contour of the tower in different crosswind condition 
 
 
Figure 3-10 The heat transfer rate of the heat exchanger when crosswind speed is 0 m/s, 3 m/s, 8 m/s and 10 
m/s 
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Figure 3-10 shows the heat flux of the 18 heat exchangers at the bottom of the cooling tower under 
different crosswind conditions. The heat flux in each heat exchanger bundles was almost the same 
when there is no wind. Because of the wall shear stress, the air mass flow rate of the heat exchangers 
bundles at the edge of the cooling tower is slightly smaller than those in the centre area. So the cooling 
performance of the heat exchanger bundles located at the centre area is slightly better than other areas. 
When the crosswind speed is 3 m/s, the low pressure effect showed in Fig.6 is produced at the 
windward part of the heat exchanger. This effect decreases the upward air flow thus reduce the 
cooling performance in this area. However, with the appearance of the crosswind, the force 
convection occurs at the bottom of the cooling tower. According to previous research [42, 54], the 
heat transfer coefficient of the force convection of a plane can be calculated by⁡𝑁𝑢 = 𝑎𝑅𝑒x𝑃𝑟
1/3, 
where Rex is based on the crosswind speed and the length of the heat exchanger. So with the increase 
of the crosswind speed, the amount of the heat transferred by the force convection increased. So in 
Fig. 3-10, the heat exchanger performance at the windward part is improved gradually. The crosswind 
decreases the buoyance effect by disturbing the airflow and the heat transfer in the tower. But it also 
increases the force convection at the bottom of the heat exchanger. 
 
Figure 3-11 Heat rejection ratio and air mass flow rate at different crosswind condition: ■, heat rejection rate, 
●, air mass flow rate 
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Figure 3-11 demonstrates the variation of the air mass flow rate and heat rejection rate in under the 
crosswind speed range from 0 m/s to 15 m/s. When the crosswind increasing from 0 m/s to 6 m/s, the 
heat rejection rate decreases rapidly with the increase of the crosswind velocity, due to the adversely 
crosswind effect on the air flow mass flow rate. When vcw=6 m/s, the air mass flow rate reached the 
minimum as well as the heat rejection rate. Figure 3-12 presents the air mass flow rate distribution 
under crosswind condition of 0 m/s and 6 m/s, the number of each heat exchanger can be found in 
Figure 3-8. It can be seen that the air mass flow rate of the heat exchanger bundles located at the 
windward direction of the cooling tower decrease more than 70% compared with the windless 
condition. These air-cooled heat exchangers do not function well because of the supply of the cold 
air is too small. However, when vcw exceed 6 m/s, the air mass flow rate varies little and the heat 
rejection rate increases with the increase in the crosswind velocity. This is because of the forced 
convection at the bottom of the heat exchangers. It can be expected from the curve that if the 
crosswind speed is sufficiently high, the total heat dumping rate of the cooling tower will recover to 
the level in non-wind case. However, the crosswind is still a negative factor on the cooling 
performance since the natural draft effect is the main source to dump the heat in a NDDCT. 
The above simulation results provide technical data and guidelines to the future experimental work. 
The simulations predict the possible air and water temperature ranges during the operation of the full 
scale experimental cooling tower. The ranges help to select proper instrumentations and refine the 
testing procedure, so that the experiment cost can be minimized. On the other hand, the planed future 
experiment work will be used to validate the simulation results. The performance of the cooling tower 
will first test at the windless condition and in different ambient temperature under which the 1-D 
model simulation was carried out. Then the crosswind affect will be considered, the 3-D CFD results 
of the temperature distribution and air velocity distribution in the cooling tower and the thermal 
performance of each heat exchanger bundle will be compared to the measurement. 
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Figure 3-12 Air mass flow rate of each heat exchanger bundle when crosswind is 0 m/s and 6 m/s 
3.5 Conclusions  
The full scale 1-D and 3-D model of the Gatton NDDCT has been established. The influence of hot 
water inlet temperatures, ambient temperatures and crosswind velocities on the cooling performance 
a 20 m NDDCT was analysed and discussed in this paper. The current study draws the following 
conclusions: 
1. Under non-crosswind condition, the heat rejection rate of the current cooling tower is able to reject 
about 1.9 MW to 3.1 MW at the inlet water temperature of 70℃ when the ambient temperature ranges 
in 15℃ to 35℃. This tower is promising for a 2-3 MW CST plant using supercritical CO2 cycle 
proposed by the University of Queensland. 
2. Both the inlet water temperature and the ambient temperature have significant influence on the 
cooling performance of the NDDCT. These two factors influence the tower performance though the 
air flow and the heat exchange process. 
3. The heat can be dumped from both the bottom and the top in a short NDDCT when the crosswind 
exists. The crosswind decreases the buoyance effect by disturbing the airflow and the heat transfer in 
the tower, but it causes the forced convection at the bottom of the tower as well.  
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Chapter 4 Experimental verification and coupled-system modelling 
 
This Chapter is based on a paper published on Applied Energy. This Chapter presents the detailed 
information of experimental system of the Gatton cooling tower, including the tower configuration, 
air-cooled heat exchangers, heating system and the control and measure system. Then, experimental 
data of the performance of this cooling tower are given under different heat load and different ambient 
temperature. The 1-D simulation model described in Chapter 3 is refined and validated with the 
experimental data. A coupled thermodynamic model of a 1 MW sCO2 Brayton cycle is established 
and the influences of changing ambient temperature and the performance of the cooling tower on 
efficiency of the power system are simulated and discussed.  
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Full Scale Experimental Study of a Small Natural Draft Dry Cooling 
Tower for Concentrating Solar Thermal Power Plant 
Xiaoxiao Li*, Sam Duniam, Hal Gurgenci, Zhiqiang Guan, Anand Veeraragavan 
School of Mechanical and Mining Engineering, The University of Queensland, Brisbane, Australia 
Applied Energy 193 (2017) 15-27 
ABSTRACT: Concentrating solar thermal power system can provide low carbon, renewable energy 
resources in countries or regions with strong solar irradiation. For this kind of power plant which is 
likely to be located in the arid area, natural draft dry cooling tower is a promising choice. To develop 
the experimental studies on small cooling tower, a 20 m high natural draft dry cooling tower with 
fully instrumented measurement system was established by the Queensland Geothermal Energy 
Centre of Excellence. The performance of this cooling tower was measured with the constant heat 
input of 600 kW and 840 kW and with ambient temperature ranging from 20 °C to 32 °C. The cooling 
tower numerical model was refined and validated with the experimental data. The model of 1 MW 
concentrating solar thermal supercritical CO2 power cycle was developed and integrated with the 
cooling tower model. The influences of changing ambient temperature and the performance of the 
cooling tower on efficiency of the power system were simulated. The differences of the mechanism 
of the ambient temperature effect on Rankine cycle and supercritical CO2 Brayton cycle were 
analysed and discussed. 
Keywords: Natural draft dry cooling tower, Concentrating solar thermal power, Experimental study, 
System simulation 
 
4.1 Introduction 
The concern over the depletion of fossil fuels as well as greenhouse emissions provide the motivation 
for seeking alternative energy sources. Solar energy is abundant and clean. Most regions of Australia 
are blessed with almost continuous sunshine. Moreover, due to the population distribution of 
Australia, there are vast remote areas with isolated communities and mining sites that are off-grid and 
currently rely on diesel power generation. Replacement of diesel with Concentrating Solar Thermal 
(CST) is commercially feasible but requires CST technology suitable for down scaling. Thus the 
Australian Solar Thermal Research Initiative (ASTRI) is developing scaleable and modular CST 
power generation systems, which can be utilized in the remote parts of Australia.  
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Like all other thermal power generation, a CST power plant is a heat engine. In a heat engine, the 
thermal efficiency increases with an increase in the average temperature at which heat is supplied to 
the system or with a decrease in the average temperature at which heat is rejected from the system. 
Therefore, the cooling tower is an integral part of the power plant and its performance significantly 
influences the plant performance [3]. Unlike conventional thermal power plants, the CST power 
plants proposed for Australian regional community will have smaller capacities and are likely to be 
located in areas with strong direct normal irradiance (DNI), but short of fresh water supplies. For such 
plants, short natural draft dry cooling tower (NDDCT) technology which feature no water losses and 
virtually no parasitic power consumption offers a cost effective option [5, 27]. 
A great deal of experimental research has already been published on the cooling performance of tall 
NDDCTs for large conventional thermal power generation. Kröger et al. [4] summarized the previous 
full scale experimental studies of the industrial dry cooling towers. The experimental data of the 
Gagarin power plant, Rugeley power plant, and Grootvlei power plant were recorded in their book. 
Wei et al. [45] studied the unfavourable effects of wind on the cooling efficiency of dry cooling 
towers. They tested a hyperbolic shape NDDCT with 125 m height and base diameter of 108 m. The 
mean air draft speed, the distribution of the mean temperature of the heat exchanger and the 
distribution of the mean temperature along the central axis of the tower were measured with and 
without wind. Amur [99] investigated the performance of a prototype natural draft wet cooling tower 
in the Mount Piper power station at Sydney. The air velocity inside the tower was measured by 
number of anemometers installed inside the tower along four different diameters. The authors 
recorded the crosswind speeds and the cooling tower air velocities with the plant working at full load. 
Chaibi et al. [132] reported the result of pilot tests on the cooling performance of a direct cross flow 
mechanical cooling tower in southern part of Tunisia. The authors recorded the experimental data of 
the vertical water temperature profile and the variation of the cooling efficiency during the year. Hu 
and Chen [133] collected the cooling tower data from two industrial cooling towers located in 
Zouxian and Xuzhou Huarui power plants in China. The authors compared the water outlet 
temperatures against their numerical models. The bulk of past literature on natural draft dry cooling 
towers is for tall towers (>100 m) serving large conventional thermal power plants. The emerging 
interest in NDDCTs for small to medium renewable thermal power plants motivates research on 
shorter towers. Lu et al. [42] tested a scaled version of a 15m-tall NDDCT in a wind tunnel. The air-
cooled heat exchangers were represented using an electrical heater. The authors compared the air 
temperature and velocity measurements against their CFD model predictions and found them 
matching quite well. Zhai et al. [46] discussed the wind-break wall method on NDDCT using both 
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experimental investigation and computer simulation. The experimental scale is 1/640 of the prototype. 
The natural draft phenomenon is represented by mechanical fans in this test. The velocity of the 
crosswind and the air velocity profile inside the cooling tower were measured. Gao et al. [41] studied 
the influence of the vortices inside the wet cooling tower using a 36 cm x 68 cm x 85 cm (top diameter 
x bottom diameter x height) model. The temperature profile inside the tower was measured and the 
influence of the vortices inside of the cooling tower was discussed. 
In the last few years, a number of researchers investigated the cooling systems of CST power plants 
using both Rankine and Brayton cycles. Martin [134, 135] investigated the optimization of the 
operation of a CST power plant with dry cooling system over a year, considering the molten salts 
storage, the power block and the air cooling system. Barigozzi et al. [136] discussed the optimization 
of the cooling system for a waste to energy cogeneration plant. Palenzuela et al. [137] evaluated the 
different alternatives for the effective integration of desalination technologies in the cooling of CST 
power plants. Habl et al. [138] compared the wet and dry cooling technologies for the Rankine cycle 
of a CST power plant. Liqreina [139] investigated the dry cooling options for a 50 MW parabolic 
trough CST plant. Supercritical CO2 (sCO2) power cycles are considered for CST power plant because 
they offer high efficiencies with scaleable modular and compact turbomachinery designs [2, 140-144]. 
Reyes-Belmonte et al. [145] discussed the optimization of a recompression sCO2 cycle for a CST 
power plant. Small changes on cycle parameters such as working temperatures, recuperator 
efficiencies or mass flow distribution between low and high temperature recuperators were discussed 
in this paper. Osorio et al. [146, 147] studied the dynamic behavior of a CST sCO2 cycle under 
different seasonal conditions. Effects of mass flow rate, intermediate pressures, effective area of the 
recuperator and number of compression–expansion stages on the performance of the system were 
analyzed. Turchi et al. [148] investigated the potential to dry cool various sCO2 Brayton cycle 
configurations. Padilla et al. [149] conducted a detailed energy and exergy analysis of four different 
sCO2 Brayton cycle configurations with dry air cooling for each configuration considered. Moore et 
al. [150] investigated the performance of a modular air cooled condenser for a steam cycle based CST 
plant. Singh et al. [151] analyzed the dynamic performance of a direct heated and dry cooled sCO2 
Brayton cycle, using a simplified cooling tower model. Conboy et al. [152] investigated forced draft 
dry cooling of sCO2 for advanced nuclear reactors and compared it with dry cooling of steam. It was 
determined that at same operating points, steam is more difficult to dry cool since it experiences no 
temperature change thus requiring significantly higher air flow rates compared to airflow required for 
sCO2.  
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The experimental study of the cooling tower is a very important preparation for the future application. 
However, the experimental studies, especially the full-scale experimental study for small NDDCTs, 
are still not extensive. No full-scale experimental study about the short-NDDCT (less than 30 m) has 
been reported in the literature. There have been numerous studies investigating forced draft air 
cooling of the sCO2 Brayton cycle, and NDDCTs have been widely studied in isolation, no studies 
are found which address performance of NDDCT cooled sCO2 Brayton cycle. 
In order to fill the gap, the Queensland Geothermal Energy Centre of Excellence (QGECE) have built 
a 20 m NDDCT with an advanced measurement system at the Gatton campus of the University of 
Queensland. In this research, the performance of this cooling tower was tested with the constant heat 
load 600 kW and 840 kW and with the ambient temperature ranged from 20 °C to 32 °C. The one-
dimensional cooling tower model was refined and validated with the experimental data. A 1 MW 
CST sCO2 power cycle model was developed and integrated with the cooling tower model. The 
thermal performance of the power cycle and the influence of the changing ambient temperature on 
the cycle efficiency was investigated and discussed. 
4.2 Experimental System 
4.2.1 Cooling tower configuration 
The Gatton experimental NDDCT is of hyperbolic shape and is 20 m high with same diameter of 
12.525 m at both the top and at the heat exchanger level. The tower is constructed using a steel truss 
and a PVC membrane. Figure 4-1 presents the construction diagram and the picture of this cooling 
tower. 
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Figure 4-1 Configuration of Gatton cooling tower 
4.2.2 Air-cooled heat exchanger 
The air-cooled heat exchanger used in the Gatton cooling tower in Gatton were provided by Thermex 
Company. 18 individual heat exchanger bundles were horizontally installed at a height of 5 m. Figure 
4-2 shows the arrangement of the heat exchanger bundles. 
 
Figure 4-2 Heat exchanger bundle layout 
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Each heat exchanger bundle consists of 22 parallel circuits. Each circuits have 10 tubes delivering 10 
passes of the entire length of the bundle. Figure 4-3 shows tube arrangement of the heat exchanger 
bundle. The detailed parameters of the air-cooled heat exchanger are presented in Table 4-1. 
 
Figure 4-3 Heat exchanger bundle arrangement 
 
Table 4-1 The detailed data for the heat exchanger 
Heat exchanger parameter Value  Unit Alias 
Hydraulic diameter of tube 0.0090 m de 
Inside area of tube per unit 
length 
0.0285 m2 Ati 
Inside cross-sectional flow area 6.40×10-05 m2 Ats 
Length of finned tube 3.84 m Lt 
Effective length tube 3.79 m Lte 
Number of tube rows 5 # nr 
Number of tubes per bundles 220 # ntb 
Numbers of water passes 10 # nwp 
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Number of bundles 18 # nb 
Total effective frontal area 76.6 m2 Afr 
Fin root diameter 0.0095 m dr 
Fin pitch 0.0021 m pf 
Equivalent circular fin diameter 0.0205 m dfe 
 
4.2.3 Heating system 
Because this cooling tower is not yet connected with the power plant, the heat input into the system 
during the experiments is produced by a heater provided by the RCR energy company. Figure 4-4 
presents the heating system of the cooling tower. This system is composed by three parts: the heater, 
the water tank and the water delivery system. Two pumps work together to deliver the water from the 
water tank to the cooling tower and to the heater at the same time. The heater produces the heat by 
burning diesel. The total heat provided by the heater can be controlled to be 400 kW, 600 kW and 
840 kW.  
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Figure 4-4 Hot water control system 
 
4.2.4 Control and measure system 
The water temperature is measured at 38 locations. Each of the 18 heat exchanger bundles is equipped 
with two temperature sensors: one inlet and one outlet. Another pair of temperature sensors is 
installed at the inlet and outlet of the cooling tower. 7 pairs of pressure transducer were placed into 
the heat exchanger bundles. A mass flowmeter was installed at the inlet of the heat exchanger bundle 
to get the total mass flow rate of the water. The air temperature and air humidity is measured at 36 
different locations of the tower. The temperature and humidity sensors are placed in 4 loops and 
located at the heat exchanger inlet plane, heat exchanger outlet plane, the middle of the tower and the 
top of the tower. Each loop has 9 temperature sensors and 9 humidity sensors. Figure 4-5 presents the 
arrangement of these sensors. Table 4-2 gives the detailed information on the measure sensors used 
in the measurement system. All the sensors used in this study were calibrated before the test was 
started. The uncertainty analysis of the measurements is carried out based on the Type A evaluation 
of standard uncertainty [153]. The experimental data are collected using a National Instrument CRIO 
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real time data logging and analysis system. All experimental data are recorded at a frequency of 1 s-
1. 
 
Figure 4-5 Test sensors distribution 
Table 4-2 The Sensors/instruments used in the measure system 
Sensors/instruments Supplier Measuring range Uncertainty/ 
accuracy 
Quantities of 
the sensor 
Air temperature Thermistor 0-150°C ±0.2°C 36 
Air humidity Vaisala 0-100% RH ±3%-±5% 36 
Water temperature TC Direct 0-90°C 0.5°C 38 
Water pressure Thermo Fisher 0-100 kPa 0.2% FS 14 
Water mass flow Krohne 0-20 kg/s 0.50% 1 
Crosswind velocity Vaisala 0-60 m/s ±3% 2 
Wind direction Vaisala - ±3% 2 
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4.3 Experimental data and cooling tower modelling  
4.3.1 General performance of the cooling tower 
For a power unit running at constant power, the heat rejection of the cooling tower changes very little 
[37, 68]. Thus, the testing was done at two discrete constant heat loads of 840 kW and 600 kW at 
different ambient temperature conditions.  
Figure 4-6 and Figure 4-7 show the general performance of this cooling tower at different ambient 
temperature and with different water mass flow rate. Both of these two tests last more than 6 hours. 
The overall inlet and outlet water temperature changed with the change of the ambient temperature. 
However, the gap of the inlet and outlet water temperatures were almost constant during the test 
because of the constant heat input into the system. 
 
Figure 4-6 General performance of the NDDCT at 15.5 kg/s water mass flow and 845 kW heat input 
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Figure 4-7 General performance of the NDDCT at 7.25 kg/s water mass flow and 845 kW heat input 
 
4.3.2 The startup phase of the cooling tower 
As demonstrated in Figure 4-8 the start of the cooling tower can be divided into 3 phases. At the very 
beginning of the initializing of the cooling tower, the temperature of the water inside the heat 
exchanger starts increasing with almost no effect on the air temperature. The cooling tower is not yet 
working in this period. The energy balance of the system can be expressed by Eq.4-1  
𝑄𝑖𝑛 = 𝑐pw𝑚w∆𝑇m⁡⁡⁡⁡⁡⁡⁡                                                (4-1) 
where cpw is the specific heat of the water, mw is the mass flow rate of the water, ∆𝑇𝑚 is the overall 
average temperature change of the water 
At the second phase of the initialization, the temperature of the air around the heat exchanger start to 
increase and the natural draft effect gradually forms. The average water temperature keeps increasing 
because the heat dumped by the cooling tower is smaller than the heat produced by the heater. The 
energy balance of the system can be expressed by Eq. 4-2 
𝑄𝑖𝑛 = 𝑐pw𝑚w∆𝑇m + 𝑄T⁡                                              (4-2) 
where Qin produced by the heater, QT is the heat rejection rate of the cooling tower 
The initialization ends when the air outlet temperature reaches its maximum value and the natural 
draft effect is in full strength. The overall water temperature is seen to decrease by a small amount at 
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the increased air speed. The water and air temperatures almost don’t change after this point and the 
system is stable. The heat produced by the heater equals to the heat dumped by the cooling tower. For 
this particular cooling tower, it takes about 30 minutes to reach the steady state. 
 
Figure 4-8 The startup of the cooling tower 
4.3.3 Steady state performance of the cooling tower 
The cooling tower performance is influenced by the ambient conditions. The most important factors 
are the ambient temperature and the crosswind speed. The crosswind is rarely constant and there are 
always gusts and transients. That’s why the water inlet and the outlet temperatures in Figure 4-6 and 
Figure 4-7 generally experience minor oscillations during the test. However, there are intervals in 
which the general performance of the cooling tower is stable in short time (around 5 minutes) with 
the crosswind velocity and the ambient temperature staying unchanged. Figure 4-9 gives portions of 
steady state data at different conditions. The air inlet temperature didn’t change, air outlet temperature 
and the water outlet temperature vary very little during these traces. The water inlet temperature has 
some oscillation because the hot water and the cold water mixed in the water tank.  
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Figure 4-9 Steady state performance of the cooling tower 
Table 4-3, Table 4-4 and Table 4-5 give the steady state experimental data of the cooling tower in 
different conditions. The test time for each measurement point is from 250-300 s. The temperature is 
the average value during the test time. The heat rejection rate of the cooling tower is calculated by 
the following equation: 
𝑄T = 𝑐pw𝑚w(𝑇wi − 𝑇wo)                                                 (4-3) 
where Twi is the overall water inlet temperature, Two is the overall water outlet temperature 
Table 4-3 Performance of the cooling tower with nominal 845 kW input and 15.5 kg/s water mass flow rate 
Ambient temperature (°C) Q(kW) Two(°C) Twi(°C) Tao(°C) 
11.6 838 28.0 41.0 25.9 
13.7 842 30.4 43.4 28.4 
18.2 855 35.1 48.3 33.0 
21.4 860 38.1 51.3 36.7 
90 
 
25.0 831 41.2 54.0 40.4 
26.5 823 42.6 55.3 41.7 
27.9 822 44.5 57.2 43.2 
 
Table 4-4 Performance of the cooling tower with average 845 kW and 7.25 kg/s water mass flow rate 
Ambient temperature (°C) Q(kW) Two(°C) Twi(°C) Tao(°C) 
12.5 803 28.0 52.6 26.3 
14.5 827 31.0 55.8 28.5 
18.3 807 33.0 60.3 31.3 
 
Table 4-5 Performance of the cooling tower with 600 kW and 15.5 kg/s water mass flow rate 
Ambient temperature (°C) Q(kW) Two(°C) Twi(°C) Tao(°C) 
20.2 624 33.4 43.0 32.2 
24.0 608 37.0 46.7 36.6 
27.0 585 40.2 49.1 38.8 
30.4 593 43.6 52.5 42.4 
 
4.3.4 Refine and validation of the cooling tower model 
In order to predict the performance of the cooling tower, Kroger et al. summarized the previous 
research on heat transfer and fluids mechanics and proposed a one-dimensional cooling tower model. 
This model combines the energy balance equations and air draft equations. When these two groups 
of equations are satisfied simultaneously, the performance of the cooling tower can be predicted. The 
energy balance equations and the draft equation can be expressed as: 
𝑄 = 𝑚a𝑐pa(𝑇ao − 𝑇ai) = 𝑚w𝑐pw(𝑇wi − 𝑇wo)                                        (4-4) 
∆𝑃𝑎 ≈ (𝜌𝑎𝑖 − 𝜌𝑎𝑜)𝑔∆𝐻 ≈
(𝐾ts + 𝐾ctc + 𝐾he +𝐾cte + 𝐾to)𝜌𝑎𝑣𝑎
2
2
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(4-5) 
where 𝐾ts , 𝐾ctc , 𝐾he , 𝐾cte  and 𝐾to  are the loss coefficients for the tower support resistance, heat 
exchanger compact resistance, heat exchanger bundle resistance, heat exchanger expansion resistance 
and the tower outlet resistance, respectively. Under the operation condition of section 4.3, the actual 
coefficients of 𝐾ts, 𝐾ctc, 𝐾he, 𝐾cte and 𝐾to are 0.03, 0.21, 35.78, 0.15 and 0.71. The air-cooled heat 
exchanger bundles contribute most of the flow resistance. 
The one-dimension model of the Gatton NDDCT was developed before we started the test on the 
tower. The detailed can be found in [73]. However, compared with the experimental data, the previous 
1D model overestimated the performance of the cooling tower by 20%. After analysing the 
experimental data, two main refinements are applied in the 1D model. 
First refinement concerns the air temperature distribution of the cooling tower. In the previous 
simulation, the assumption of the air temperature distribution inside the cooling tower is given by 
Kroger using Eq.4-6 
𝑇𝑎,𝑡𝑜𝑝 = 𝑇𝑎,𝑏𝑜𝑡 − 0.00975(𝐻𝑇 − 𝐻𝑇,𝑖𝑛)                                      (4-6) 
where 𝑇𝑎,𝑡𝑜𝑝 is the air temperature at the top of the cooling tower, 𝑇𝑎,𝑏𝑜𝑡 is the air temperature at the 
bottom of the cooling tower, 𝐻𝑇 is the height of the cooling tower, 𝐻𝑇,𝑖𝑛 is the inlet height of the 
cooling tower 
According to this assumption, for this 20 m cooling tower, the air temperature at the bottom of the 
cooling tower is almost equals to the air temperature at the top of the cooling tower. However, the air 
temperature distribution is not uniform according to the cooling tower tests. Figure 4-10 gives the air 
temperature distribution of the experimental result. As can be seen in the figure, while the air 
temperature in the middle and at the top of the cooling tower is almost same, the air temperatures of 
these two levels are smaller than the temperature at the bottom of the cooling tower (above the heat 
exchanger). This effect could result in the decrease of the density difference of the air inside and 
outside the cooling tower. So the natural draft effect was negatively affected.  
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Figure 4-10 Air temperature distribution in the cooling tower 
 
The reason why the temperature in the middle and at the top of the cooling tower is lower is a feature 
of the Gatton cooling tower construction. At edge of the bottom of the cooling tower, the sealing 
around the heat exchangers is not perfect and there are small holes. So when the cooling tower is 
running, the cold air comes inside the cooling tower through both the heat exchanger bundles and 
these small holes. The temperature sensors at the bottom of the cooling tower are placed above the 
heat exchanger (not covering the edge of the cooling tower). So the temperatures measured by the 
bottom temperature sensors are the outlet temperature of the air-cooled heat exchanger. On the other 
hand, the cold air coming from the edge of the cooling tower will mix with the hot air coming from 
the heat exchanger bundles during the operation of the cooling tower. So the temperatures in the 
middle and the top were lower. Thus the temperatures at these two levels are lower. The following 
equation is used to calculate the temperature distribution in the cooling tower. 
𝑇𝑎,𝑡𝑜𝑝 = 𝑇𝑎,𝑏𝑜𝑡 − 𝑖(𝑇𝑎,𝑏𝑜𝑡 − 𝑇𝑎,𝑎𝑚𝑏)                                        (4-7) 
where i is the air temperature decreasing factor of the cooling tower, 𝑇𝑎,𝑎𝑚𝑏  is the ambient 
temperature 
The second refinement concerns the change of heat transfer coefficient of the heat exchanger. As 
shown in Figure 4-11, the actual heat transfer coefficient of the heat exchanger is smaller than the 
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data provided by the heat exchanger manufacturer. A new heat transfer coefficient correlation is 
proposed based on the experimental data of the water mass flow rate, water inlet temperature, water 
outlet temperature, air inlet temperature, air outlet temperature and air velocity in different conditions. 
The following equation expresses the calculation of the air side heat transfer coefficient: 
ℎa𝐴a = 0.0143𝑅𝑒a
2 + 83.2𝑅𝑒a + 22210                                   (4-8) 
where ha is the airside heat transfer coefficient, Aa is the airside heat transfer area, Rea is the Reynolds 
number of air. The characteristic length of Rea is the equivalent circular diameter of the air flow 
passage, which is 0.017 m for this particular heat exchanger. 
 
Figure 4-11 The measured and manufacturer heat transfer coefficients 
 
Figure 4-12, Figure 4-13 and Figure 4-14 are the performance comparisons of the experimental data 
and refined numerical result. The symbols in the figures is the experimental data while the dash lines 
are the modelling result. According to these figures, the experimental data and the refined modelling 
data have achieved good consistence. This numerical model can well predict the performance of the 
cooling tower. 
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Figure 4-12 Performance of the cooling tower at 845 kW with 15.5 kg/s water mass flow. 
 
Figure 4-13 Performance of the cooling tower at 845 kW with 7.25 kg/s water mass flow 
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Figure 4-14 Performance of the cooling tower at 600 kW with 15.5 kg/s water mass flow 
 
4.4 Power cycle modelling 
The combination of Australia's dry climate and latitude give potentially favours CST power. ASTRI 
proposed a new form of small CST power system for off-grid applications to produce 24-hour 
industrial scale power for remote communities and mining sites. In this paper, the simple recuperated 
sCO2 Brayton cycle is used as it is a strong candidate for 1 MW scale CST power generation. The 
influence of cooling tower performance on power cycle is investigated using a coupled cycle-NDDCT 
model.  
4.4.1 Configuration of the power cycle  
The system configuration used for this analysis is that of a CST system with two tank thermal storage, 
as shown in Figure 4-15. This allows the assumption that heat input rate to the cycle can be controlled. 
This is relevant when considering fluctuating ambient temperature as this affects the compressor inlet 
temperature, hence also the compressor outlet temperature, which in turn affects the heater sCO2 side 
inlet temperature. Control of the heat input rate to the cycle allows the assumption of constant turbine 
inlet temperature despite varying sCO2 inlet temperature to the heater. 
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Figure 4-15 The simple recuperated Brayton cycle indirectly cooled by the Gatton cooling tower 
 
4.4.2 Modelling assumptions and parameters 
The power cycle analysis in this work is done using IPSEpro version 6.0, an open equation process 
simulation software package. In this work, the EPP_CSP_CO2 model library was used. This model 
library was developed by Enginomix for modelling solar thermal power generation. Fluid properties 
are calculated from REFPROP 9.1 [154]. The standard component models for heat exchangers and 
turbomachinery were used, with performance of each given in Table 4-6. The 1-D model for the 
Gatton tower discussed in Section 4.3 was developed in IPSEpro to allow for coupled analysis of 
cycle and NDDCT performance. Detailed component modelling of heat exchangers and 
turbomachinery is beyond the scope of this study. Hence, constant assumed values were used for the 
modelling of these components. 
Table 4-6 Assumed values used for cycle and component modelling. 
Variable Value Unit 
Turbine isentropic efficiency 90 % 
Compressor isentropic efficiency 85 % 
Turbine inlet pressure 20 MPa 
Turbine outlet pressure 8 MPa 
Turbine inlet temperature 610 oC 
Minimum heat exchange pinch point temperature difference, 
Δ𝑇𝑝𝑝 
5 oC 
Heat exchanger pressure drop 20 kPa 
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4.4.3 System optimization 
The objective of this modelling is to determine the influence of ambient temperature variation on 
power output of the plant. With the cycle assumptions and constraints mentioned above there are still 
a range of possible operating points for any given ambient temperature as the cycle mass flow rate, 
?̇?𝐶𝑂2, and cooling water mass flow rate, ?̇?𝑐𝑤, are free variables. The effect of varying ?̇?𝑐𝑤 is shown 
below in Figure 4-16 and Figure 4-17, for three values of ?̇?𝐶𝑂2, at 𝑇𝑎𝑚𝑏 = 25
oC. 
 
Figure 4-16 Cycle thermal efficiency versus cooling water and CO2 mass flow rate 
 
Figure 4-17 Cycle net power generation versus cooling water and CO2 mass flow rate 
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As shown in Figure 4-16 and Figure 4-17, decreasing ?̇?𝐶𝑂2  increases 𝜂𝑡ℎ , but decreases ?̇?𝑛𝑒𝑡 , 
whereas decreasing ?̇?𝑐𝑤 first increases 𝜂𝑡ℎ and ?̇?𝑛𝑒𝑡 to an optimum value after which they decrease 
again as the cooling water flow rate, ?̇?𝑐𝑤, is increased. This is because decreasing ?̇?𝑐𝑤 results in an 
increasing temperature difference in the cooling water. There is an optimum ?̇?𝑐𝑤 value which gives 
the lowest compressor inlet temperature (CIT) value, as shown in Figure 4-18.  
 
Figure 4-18 Cycle temperatures for each of the ?̇?𝐶𝑂2 cases, for PCIT (pre-cooler inlet temperature) and CIT 
versus ?̇?𝑐𝑤 
 
4.4.4 Modelling results and discussion 
Using the simulation and optimization method in section 4.4.3, three ?̇?𝐶𝑂2 cases considered above 
were analysed at ambient temperature intervals of 5oC from 0oC to 50oC. For each, ?̇?𝑐𝑤 was set at 
the value that provides maximum 𝜂𝑡ℎ at each interval. The results are shown below in Figure 4-19. 
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Figure 4-19 Performance of the power cycle versus different ambient temperature 
As can be seen in Figure 4-19, like conventional air-cooled Rankine cycle thermal power plants, 𝜂𝑡ℎ 
and ?̇?𝑛𝑒𝑡  of the sCO2 Brayton cycle decrease with increasing ambient temperature. The ?̇?𝑛𝑒𝑡⁡is 
expected to come down by 21% when the ambient temperature changes from 0 °C to 50 °C. However, 
there is a significant difference in the mechanism of this effect between these two systems. For 
conventional Rankine cycle, increasing the ambient temperature increases the cycle condensation 
temperature. This increases the turbine back pressure, decreasing the turbine work output. Figure 4-20 
presents the T-s diagram of the above power cycle at two different ambient temperatures. For the 
sCO2 closed Brayton cycle, which includes no condensation process, the turbine inlet and outlet 
pressures remain constant, and with the fixed turbine inlet temperature assumed in this work, the 
turbine work output remains constant with varying ambient temperature. The decrease in ?̇?𝑛𝑒𝑡 with 
increasing ambient temperature is due to compressor work increasing at increased CIT.  
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Figure 4-20 T-s diagram of the sCO2 cycle at two different ambient temperatures for ?̇?𝐶𝑂2=10 kg/s 
Because of the sCO2 cycle idiosyncrasies, relying on the steam Rankine cycle experience to interpret 
cooling tower performance may be misleading. Figure 4-21(a) shows CIT, compressor outlet 
temperature (COT) and temperature difference across the compressor (∆TCOM) at different ambient 
temperatures for ?̇?𝐶𝑂2=10 kg/s. Figure 4-21(b) presents the enthalpy variation of the sCO2 across the 
compressor different ambient temperatures. For sCO2 near the critical point, the enthalpy is sensitive 
to changes of the fluid temperature. The increase of the ambient temperature leads to a higher CIT, 
COT, ∆TCOM and enthalpy difference across the compressor thus results in a greater compressor 
consumption. 
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Figure 4-21(a) Compressor temperature change versus ambient temperature (b) sCO2 enthalpy versus 
temperature showing main compressor trajectory 
 
 
Figure 4-22 Compressor power consumption versus ambient temperature 
 
Figure 4-22 shows the compressor consumption at different ambient temperatures. According to the 
working mechanism of the NDDCT, heat rejection performance decreases with the increase of the 
ambient temperature, which results in a higher compressor inlet temperature as well as the higher 
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compressor consumption and less heat recuperate. Hence, the cooling tower performance has a 
significant effect on the sCO2 cycle performance. 
Another dissimilarity between conventional steam Rankine cycles and the sCO2 Brayton cycle is that 
the thermal efficiency does not decrease linearly with increasing of the ambient temperature [25]. 
This is due to the non-linear properties of sCO2 near the critical point and the feedback effect of the 
intermediate heat exchanger and recuperator. As shown in Figure 4-21 and Figure 4-22, the 
temperature difference across the compressor and the consumption of the compressor varies little at 
the low ambient temperatures and then start increasing linearly with the increase of the ambient 
temperature.  
4.5 Conclusion 
In this research, the previously published short cooling tower predictive models were validated 
through tests on a 20 m high experimental tower. The performance of the experimental tower was 
tested at two the constant heat loads 600 kW and 840 kW with various ambient temperatures (ranged 
from 20 °C to 32 °C). The one-dimensional cooling tower numerical model was refined and validated 
with the experimental data. The experimental data and the refined modelling have achieved a good 
consistence. The experimental data and the model validation in this study can be used to direct the 
future design of the small NDDCT. 
The model of 1 MW CST power plant running with sCO2 cycle was developed and integrated with 
the updated cooling tower model. The influence of cooling tower performance with changing ambient 
temperature was simulated. The performance of the CST power cycle decreases by 21% as the 
ambient temperature changes from 0 °C to 50 °C. Significant differences were observed between the 
steam Rankine and sCO2 cycles in terms of the effect of the ambient temperature on power generation. 
The differences between steam Rankine and sCO2 Brayton cycle in this context were analyzed and 
discussed. The discussion about the ambient temperature influence on the power cycles lays a 
foundation for the optimization and operation of the future small CST power stations using sCO2 
Brayton cycle. 
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Chapter 5 Cooling issues for small natural draft dry cooling tower  
 
In this chapter, two specific cooling issues for small natural draft cooling tower: the crosswind and 
the cold inflow, are identified and experimentally studied. As reviewed in Chapter 2, the crosswind 
effect on natural draft cooling towers has received a lot attention in the previous study. However, 
most of the previous research were based on the numerical studies or lab-scale tests. There is no full-
scale experimental data on the small natural draft cooling tower. On the other hand, the cold inflow 
effect was also reported for wet cooling towers and chimneys having a relatively slow airflow inside. 
However, no detailed experimental data was reported and the cooling tower performance hasn’t been 
connected with the effect of the cold inflow. In this chapter, the full-scale experimental data of these 
two issues obtained on the Gatton cooling tower are presented and the working mechanisms are 
discussed. 
 
5.1 Crosswind effect on small natural draft dry cooling tower 
This section is based on a paper published on Applied Energy, with small modifications. Since the 
details of the experimental system are already presented in section 4.2, the second part of the journal 
paper, which is also the instruction of the experimental system, is omitted. The experimental data of 
the overall cooling tower performance as well as the air temperature distribution inside and outside 
of the cooling tower and the water temperature of each heat exchanger bundle are presented at 
different crosswind speeds. The crosswind effect on this small cooling tower is found to be different 
from the conventional big cooling towers. The performance does not monotonously decrease with the 
increase of the crosswind speed. The mixed-convection theory and the Richardson number are 
proposed to explain the crosswind problem and the crosswind effect on the whole power plant is 
discussed. 
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Measurements of Crosswind Influence on a Natural Draft Dry 
Cooling Tower for a Solar Thermal Power Plant 
Xiaoxiao Li1 *, Hal Gurgenci1, Zhiqiang Guan1, Xurong Wang1,2, Sam Duniam1 
1 School of Mechanical and Mining Engineering, The University of Queensland, Brisbane, 
Australia 
2 Institute of Turbomachinery, State Key Laboratory of Multiphase Flow in Power Engineering, 
Xi’an Jiaotong University, Xi’an, China 
Applied Energy 206 (2017) 1169-1183 
Abstract: Crosswind is a significant concern for natural draft dry cooling towers. The concern is 
more serious for shorter towers. Therefore, the crosswind influence is a significant threat to the use 
of natural draft dry cooling towers in concentrating solar thermal power plants, which are generally 
built at sizes smaller than conventional fossil-fired plants and employ relatively shorter towers. While 
some numerical studies and small lab-scale test reports exist, very few full scale experimental studies 
have been reported for conventional cooling towers and none for relatively short cooling towers 
suitable for renewable thermal power plants. To address this gap, a 20-m tall fully instrumented 
natural draft dry cooling tower was built by the University of Queensland. The tower was designed 
to serve a future 1-MWe concentrating solar thermal plant on the same site. Its performance was 
tested under different ambient temperatures and crosswind speeds. The detailed experimental data of 
the crosswind condition, air temperature distribution inside and outside of the cooling tower and the 
cooling performance are presented. The experimental data demonstrate the substantial yet complex 
impact of the crosswind on cooling tower performance. Significant non-uniformities in air and hot 
water temperature distributions and strong air vortices inside the tower were observed in high 
crosswind speeds. Unlike tall cooling towers used in large conventional plants, the cooling tower 
performance does not monotonously decrease with the increase of the crosswind speed. In fact, after 
the tower performance drops to its lowest level at a wind speed around 5 m/s, the trend is reversed 
and further increases in the crosswind speed help the tower performance. Analysis shows that this 
reversal occurs because the tower heat transfer mechanism changes. As crosswind rises above the 
critical speed, the airflow inside the cooling tower becomes increasingly controlled by the crosswind 
instead of the natural draft.  
Keywords: Experimental study, Natural draft dry cooling tower, Crosswind effect, Solar thermal 
power 
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5.1.1 Introduction 
The typically arid climates in the likely locations for renewable thermal power plants such as 
Concentrating Solar Thermal (CST) provide the motivation for dry cooling technology optimised for 
renewable power generation [28, 32, 119, 155]. Due to their low maintenance cost and simple 
structures, natural draft dry cooling towers (NDDCT) offer a feasible and cost effective option for 
such applications [5, 6, 25, 40]. In a NDDCT, air acts as the cooling medium. The density difference 
between the hot air inside the tower and the outside ambient air creates the driving force. This driving 
force makes the outside ambient air move in and pass through the heat exchanger bundles, cooling 
the tubes inside which the hot fluid flows.  
The combination of Australia's dry climate and latitude potentially favours solar energy. The 
Australian Solar Thermal Research Initiative (ASTRI), which has funded the research described in 
this paper, is targeting small supercritical CO2 (sCO2) CST power systems (1 MWe-25 MWe) for off-
grid and fringe-of-grid applications in the of Australian outback. As part of the project, the authors’ 
research group is investigating short NDDCTs for this relatively small CST power plant size.  
For such short towers, we expect the crosswind to have a strong influence on the tower performance. 
Even for tall towers used in conventional thermal power generation, crosswind is recognised as one 
of the biggest challenges to the performance of NDDCT. Kroger et al. [4, 76] summarized how the 
performance of several industrial cooling towers suffered under windy conditions. The cooling 
performance was reported to be monotonously decrease with the increasing crosswind speed. Bender 
et al. [130, 156] investigated the wind effects on the air intake flow rate of a cooling tower, using 
both a numerical model and wind tunnel tests. They also proposed that the wind wall can be used to 
control the intake flow rate. Su et al. [36] simulated the fluid flow and thermal performance of a dry 
cooling tower under crosswind conditions. They proposed the possible reasons for the reduction of 
cooling tower heat diffusion under crosswind conditions as the low-pressure effect at the side of the 
cooling tower, the formation of the air vortex inside the cooling tower and wind-cover effect at the 
top of the cooling tower. Wei et al. [45] presented the experimental data of a 125 m NDDCT at the 
crosswind speed of 6 m/s. Their results indicate the wind reducing the efficiency of the dry cooling 
tower and increasing the average temperature of the heat exchanger by 5 °C. Al-Waked [39, 64] 
discussed crosswind effects on the performance of both dry and wet towers and found the thermal 
effectiveness of the cooling towers decrease by more than 30% at crosswind speeds above 10 m/s. 
Yang et al. [38, 69, 71, 157] discussed the dimensional characteristics of wind effects on the 
performance of an indirect dry cooling system with both vertically and horizontally arranged heat 
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exchanger bundles. The detailed temperature contours of the heat exchangers and the coupled 
condenser temperature were presented. Zhao et al. [37, 68, 109] simulated the changes of cooling 
performance of a dry cooling tower with vertical two-pass column exchangers under crosswind. They 
observed water outlet temperatures increasing by 6°C at a crosswind speed of 12 m/s. 
A number of solutions have been proposed to mitigate against the negative crosswind effects on 
performance of natural draft cooling tower. In the early research, Kroger et al. [76] investigated the 
arrangement of the heat exchanger and the design of the windbreak wall. According to their result, 
the A-frame and radially patterned heat exchanger layout could reduce the negative effect of the 
crosswind. Zhai and Fu [46] tested the performance of the windbreak wall in and around a small 
scaled cooling tower in the wind tunnel. The relationship between the cooling efficiency recovery 
and the size of windbreak walls was analysed. Lu et al. [42, 56] numerically studied the performance 
of a tri-blade like windbreak wall for a 15 m cooling tower. The numerical model was validated 
against tests on a small lab-scale modelling test. They found the windbreak walls enhancing the 
performance of the cooling tower at certain wind speeds. Ma et al. [87, 113] studied the angles of the 
windbreak wall for a NDDCT with vertical heat exchanger. Their research found that the optimized 
walls can reduce the interference on airflow at low wind speeds and create a strong secondary flow 
at high wind speeds. Yang et al. [120] proposed a novel bilaterally arranged air-cooled heat exchanger 
configuration. They found the performance of the cooling tower being enhanced by this arrangement. 
Wang et al. [81, 107] investigated an enclosure approach to improve the cooling tower efficiency in 
wind. Their results showed the enclosure greatly improving the mass flow of the air inside the tower. 
Sun et al. [109] studied the thermal performance of the NDDCT and NDWCT with inlet airflow 
guiding channels under crosswind conditions. According to the results, the mass flow rate of the air 
stream greatly increased by applying this method. Li et al. [77] proposed the waterside optimization 
method to enhance the cooling performance. By applying this method, the performance of the cooling 
tower was found to improve by up to 18.5%, the degree of improvement varying with the wind speed.  
There are convincing evidences in the past literatures on the significance of the crosswind effect on 
NDDCT performance. The experimental study of the off-design performance of the cooling tower is 
a very important preparation for the future design and operation [134, 135, 158]. However, most of 
previous full scale experimental studies of the crosswind effect didn’t provide enough details, such 
as the detailed experimental data of wind direction, changes in ambient temperature, detailed heat 
exchanger temperature and the air temperature distribution within the cooling tower [4, 45, 99, 132, 
159]. On the other hand, the experiments on lab-scale cooling tower models can offer controlled 
conditions and reliable data, but most of the Reynolds numbers for such small towers are much lower 
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than those for full scale towers, which may result in erroneous results [4, 41, 42, 46, 156]. In addition, 
most of the lab-scale cooling towers used electrical heaters or mechanical fans to simulate the air-
cooled heat exchanger in the test model, which could also make the outcomes inaccurate. 
This paper reports on the results obtained on a 20-m NDDCT. This tower was built on the Gatton 
campus of the University of Queensland in anticipation of a future 1MWe CST power plant using a 
sCO2 Brayton cycle to be built next to it. It is a tower expressly built for research purposes and is 
equipped with a comprehensive instrumentation system. Its performance was tested under different 
ambient conditions. Detailed experimental data of the wind speed, wind direction, heat exchanger 
performance, and the air temperature distribution inside the cooling tower are presented in this paper. 
Based on the experimental data, the previous CFD modeling of the same cooling tower is validated. 
The crosswind effect on the overall performance of this small cooling tower as well as the crosswind 
effect on the power system is shown and the mechanism is discussed below. 
5.1.2 Air temperature distribution under crosswind condition 
 General performance of the cooling tower under the windy condition  
In this research, the performance of this cooling tower was tested with constant heat input of 840 kW. 
The total hot water mass flow rate was controlled to be 15.5 kg/s. Fig. 3 presents the general 
performances of three continuous long time tests of the cooling tower working with different windy 
conditions. The ambient temperatures during these tests varied from 11 °C to 28 °C while the 
crosswind speeds varied from 0 m/s to 12 m/s. The average wind speeds for (a), (b) and (c) in Figure 
5-1are 1.5 m/s, 5.6 m/s and 8.5 m/s, respectively. Since the cooling tower is operated at constant heat 
load, the temperature difference between the heat exchanger and the ambient air is constant and the 
natural draft effect does not change with the ambient temperature. As shown in this figure, the ambient 
crosswind is rarely constant and there are always gusts and transients. Therefore, the performance of 
the cooling tower experiences several oscillations during the test. A 1000 s interval, where the 
performance of the cooling tower is relatively stable and the wind speed doesn’t change too much, is 
selected in each test. The following analyses on different wind speeds are based on the experimental 
data collected in these intervals. 
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Figure 5-1 General performance of the cooling tower 
 Air temperature distribution inside the cooling tower 
Figure 5-2, Figure 5-3 and Figure 5-4 present the air temperature contours inside the cooling tower 
based on the average measurements over the intervals shown in Figure 5-1. In these figures, (a), (b) 
and (c) present the temperature distributions at the three measurement levels located at the bottom 
(beyond the heat exchanger), the middle and the top of the cooling tower, respectively. The fourth 
chart, (d), in each figure shows the air temperature distribution over a vertical central section oriented 
parallel to the wind direction. The average wind speeds for these three figures are 2.2 m/s, 5.5 m/s 
and 8.3 m/s, respectively. As can be seen in these figures, the air temperature distribution inside the 
cooling tower is not uniform and the degree and the shape of non-uniformity increases with increasing 
wind speed. In general, the average air temperatures at the windward part of the interior are higher 
than those in the leeward part. At low crosswind (2.2 m/s), the highest air temperatures on all three 
horizontal planes are located at the windward edge, the bottom plane registering the highest 
temperature. On all those three planes, the air temperature gradually decreases towards the leeward 
edge at the low crosswind condition. As crosswind speed increases, the situation becomes more 
complex. At crosswind speeds of 5.5 m/s and 8.3 m/s, the middle and top level temperature 
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distributions are similar to those at 2.2 m/s. However, an entirely different temperature profile at the 
bottom level is measured at two high crosswind speeds compared to the profile at a wind speed of 2.2 
m/s. At high crosswind speeds, the highest air temperature position on the bottom horizontal plane is 
still windward but not at the edge. It is now close to the centre. Moreover, the air temperature 
distributions are significantly non-uniform in the 5.5 m/s and 8.3 m/s cases. When crosswind speed 
is 8.3 m/s, the highest temperature difference inside the cooling tower could be as high as 11 oC while 
the highest air temperature difference in low crosswind condition is only 4 oC. The highest 
temperature difference is defined as the highest temperature measured anywhere in the tower minus 
the lowest temperature measured anywhere in the tower. 
 
Figure 5-2 Air temperature contour inside the cooling tower at 2.2 m/s crosswind: (a) Bottom level (beyond 
the heat exchanger) (b) Middle level (c) Top level (d) Vertical central section 
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Figure 5-3 Air temperature contour inside the cooling tower at 5.5 m/s crosswind: (a) Bottom level (beyond 
the heat exchanger) (b) Middle level (c) Top level (d) Vertical central section 
 
Figure 5-4 Air temperature contour inside the cooling tower at 8.5 m/s crosswind: (a) Bottom level (beyond 
the heat exchanger) (b) Middle level (c) Top level (d) Vertical central section 
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 Hot air recirculation 
Another interesting observation is the formation of a strong air recirculation at high crosswind speeds. 
The hot air inside of the cooling tower could be being sucked out through the bottom of the cooling 
tower by the wind. At high values of crosswind, the horizontal speed under the heat exchanger is 
relatively high compared to the vertical speed created by the natural draft. High velocity under the 
heat exchanger produces a low pressure zone and results in the air recirculation. Figure 5-5, Figure 
5-6 and Figure 5-7 show the experimental data of the air temperature variations of the nine measure 
sensors under the heat exchanger. The corresponding crosswind speeds and directions are also shown. 
As can be seen in Figure 5-5, the average wind speed of the first 13000 s is about 0.5 m/s and the air 
temperatures of the nine locations are uniform and equals to the ambient temperature. The ambient 
temperature was steadily rising in the measurement period and, during this low-wind period, the 
sensors inside the tower measured the air temperature just before the heat exchanger bundles 
uniformly followed the ambient temperature. At about 13000 s, the average wind speed increased to 
2.2 m/s and this coincided with the start of small temperature oscillations detected by temperature 
sensor #8, which is located near the windward edge under the heat exchanger. The air temperature 
measured at this location experienced periodic increases after 13000 s. This indicates that a small 
amount of hot air at the windward part of the cooling tower was being sucked out of the cooling tower 
periodically and penetrated to the temperature sensor level.  
 
Figure 5-5 Air temperature variation under the heat exchanger with 2.2 m/s crosswind 
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Figure 5-6 Air temperature variation under the heat exchanger with 5.5 m/s crosswind 
 
Figure 5-7 Air temperature variation under the heat exchanger with 8.3 m/s crosswind 
At high speed winds (5.5 m/s and 8.5 m/s), almost all the air temperatures experienced much larger 
oscillations. The oscillation amplitudes were highest in windward locations (#7 and #4). Large 
temperature differences between the leeward and the windward part are measured in these two cases. 
The windward air temperatures are much higher and also are very sensitive to the variations of the 
wind speed. These air temperature variations can be explained by the formation of a strong air 
recirculation near the windward edge at the bottom of the cooling tower. Large amount of hot air 
inside the cooling tower was sucked out of the cooling tower through the tower inlet. This fact can 
explain why the air temperature distributions inside the cooling tower in high wind speed conditions 
are much different from those in low wind speed. 
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Figure 5-8 shows the start-up performance of cooling tower working at 8.3 m/s wind condition. As 
can be seen in this figure, all sensors measure ambient temperature at the very beginning of the test. 
With the constant 840 kW heat inputted into the system, the water inlet temperature first starts to 
increase at a sharp rate and then follows by the water outlet and the air temperatures. An interesting 
phenomenon is that the air temperature under the heat exchanger is consistently higher than that above 
the heat exchanger. In addition, the air temperature under the heat exchanger starts to increase at 
about 120 s while the air temperature above the heat exchanger starts its climb 50 seconds later. These 
measurements are further indications for the airflow direction in the windward area being from inside 
to outside, with air being sucked out of the cooling tower by the crosswind. As reported in our 
previous research, the start-up time of this cooling tower is about 30 minutes [40]. However, Figure 
5-8 shows that the air vortex being formed at the very beginning of the test before the natural draft 
develops. At high crosswind condition, the airflow at the windward part of the cooling tower is 
dominated by the crosswind.  
 
Figure 5-8 Cooling tower performance variation in the start-up phase 
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Figure 5-9 CFD simulation result of air temperature contour and vector of the cooling tower under 5 m/s 
crosswind. 
 
Figure 5-9 presents the CFD simulation result of the same cooling tower working with 5 m/s 
crosswind. The detailed simulation method and the boundary conditions can be found in literature 
[73, 77]. As can be seen in the figure, the CFD simulation results match the above experimental 
measurements and observations. At high crosswind, a low pressure zone is formed under the 
windward part of the heat exchanger horizon. As a result, the natural draft effect deteriorates in this 
area and the airflow is reduced. That’s why the air temperature at the windward part is much higher 
than the leeward part. A strong air vortex is formed at the bottom of windward part of the cooling 
tower which makes the air temperature at the bottom of the windward part significantly higher than 
the other two measurements planes. Hot air is sucked out of the cooling tower at the edge of the 
windward part and a high temperature zone is formed under the air-cooled heat exchanger in that area. 
5.1.3 Crosswind effect on the performance of air-cooled heat exchanger and the 
cooling tower  
 Crosswind effect on the performance of the air-cooled heat exchanger 
The air-cooled heat exchanger is the most expensive and important component of the NDDCT. Since 
the airside heat transfer coefficient is much lower than that of the waterside, the ambient temperature 
and the air mass flow rate control the thermal performance of an air-cooled heat exchanger. As shown 
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in section 5.1.3, the crosswinds have a significant effect on the airflow through the cooling tower. As 
a result, the heat exchanger performance is expected to be significantly affected by the wind. Figure 
5-10 presents the detailed performance of the 18 heat exchangers bundles under different crosswind 
conditions. The water inlet temperature, heat exchanger outlet temperature and the corresponding 
crosswind speed are shown in this figure. The lines in Figure 5-10 show the water inlet and outlet 
temperatures for each heat exchanger bundle. While the water inlet temperature for each bundle is 
almost the same, the water outlet temperatures are different because of the crosswind effect. 
 
Figure 5-10 Heat exchanger performance variation of each heat exchanger bundle 
As shown in Figure 5-10(a), when the crosswind speed is small, all the heat exchangers have similar 
outlet temperature at the beginning of the test, except heat exchanger 17 at the windward part of the 
cooling tower. At about 16000 s, the crosswind speed increased a little, and the outlet temperatures 
of NO.7 and NO.14 increased correspondingly. The outlet temperatures of these three heat 
exchangers are higher than the others. However, under the high speed wind conditions, the 
performance of each heat exchanger is significantly different. As can be seen in Figure 5-10(b) and 
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(c), the performance of the cooling tower can be divided into two parts. With the same inlet water 
temperature inputted for each heat exchanger, the heat exchangers located at the leeward direction (8, 
9, 10, 11, 12, 13, 14, 15, 17) have much lower outlet temperatures. Our previous CFD simulation 
results of the temperature distribution of the heat exchanger can be well matched with the above 
experimental measurements, as shown in Figure 5-11. 
 
Figure 5-11 CFD simulation result of temperature contour of the heat exchanger bundles 
For cooling towers operated in normal condition, the inlet water mass flow rate and temperature are 
the same for each heat exchanger. As demonstrated in section 5.1.3, for each heat exchanger, the air 
mass flow rate and the air temperature across the heat exchanger are different due to the crosswind 
effect. When crosswind speed is 8.3 m/s, the water outlet temperatures may differ between the air-
cooled heat exchangers panels by up to more than 10 °C. Thus the hot water in the windward part is 
not effectively used. In order to solve this problem, the authors’ research group proposed the water 
distribution method to mitigate the crosswind effect on the cooling tower [77]. The idea of this method 
is to automatically adjust the water mass flow rate in each heat exchanger bundle to better match with 
the cooling air under the windy condition. For the bundle with more cold airflow, more hot water is 
distributed. The significant performance difference of this cooling tower in high speed wind condition 
further validated the feasibility of the water distribution method. 
 Crosswind effect on the overall cooling tower performance 
For a cooling tower running at constant heat load, the thermal performance can be evaluated by 
following equation. 
𝑇approach = 𝑇wo − 𝑇ai 
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The left term of the equation is defined as the Approach: the temperature difference between the water 
outlet temperature and air inlet temperature. The lower approach means the water and air can be better 
matched thus the irreversibility of the heat exchanger process is lower and the thermal performance 
of the cooling tower is better. 
As demonstrated in section 5.1.3, the crosswind speeds were changing all the time. Due to the 
complexity of the environmental conditions, the performances of the cooling tower were not stable 
during the test. Thus, the above experimental data need to be presented statistically. Three intervals 
shown in Figure 5-1, where the crosswind speed and the performance of the cooling tower is relatively 
stable, are chosen at first. Then, the interquartile range (IQR) method is applied on these intervals, 
with IQR defined as the difference between 75th percentile and the 25th percentile of a test sample. 
The IQR is one of the most common robust measures of scale [160].  
Figure 5-12 shows the overall cooling tower performance variation with crosswind speeds. Contrary 
to the previously reported experimental data from large cooling towers, the performance of this 
relatively short cooling tower does not monotonically decrease with increased crosswind speed. The 
performance of the cooling tower is decreased with the increase of the crosswind speed in low 
crosswind condition. At a certain crosswind speed between 2 m/s and 5 m/s, the performance of the 
cooling reaches the minimum, i.e. the approach peaks. After that, the cooling performance starts to 
increase with the increase of the crosswind speed. It can be expected from the figure that the 
performance of the cooling tower will recover and even better than the level in the windless case if 
the wind speed is sufficiently high. 
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Figure 5-12 Overall cooling tower performance versus crosswind speed 
In low crosswind condition, as demonstrated in Figure 5-10(a), the water outlet temperatures for most 
of the heat exchangers inside the cooling tower are still stable and uniform despite the three heat 
exchangers (17, 7 ,14) being located in the windward part. The airflow through the cooling tower is 
still mainly controlled by the density difference between the hot air inside the cooling tower and the 
ambient air. The overall performance of the cooling tower is slightly reduced because the small air 
turbulence and vortex are formed in windward part of the cooling tower and the performance of the 
heat exchanger in this area is negatively affected, as shown in section 5.1.3 and Figure 5-10(a).  
However, based on the experimental data, in high crosswind speed condition the mechanism is 
different. As shown in Figure 5-3 and Figure 5-4, the air temperatures at the middle level and the top 
level of the cooling tower are much lower than those at the bottom level. In the leeward part of the 
top level of the cooling tower, the air temperatures are even close to the ambient temperature. As a 
result, the natural draft effect provided by the cooling tower is significantly reduced. The air 
temperature distribution underneath of the heat exchanger further indicates that a strong vortex is 
formed at the windward part of the cooling tower and large amount of the hot air inside the cooling 
tower is sucked out through the inlet of the cooling tower instead of going up through the tower. 
These air behaviors indicate that the natural draft is almost stopped at high wind speed conditions. 
The airflow through the heat exchanger is mainly controlled by the crosswind.  
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Figure 5-13 shows Approach temperature details for each heat exchanger panel at three different 
crosswind conditions. The wind direction is the same for the two higher wind speeds. The direction 
at lower wind speed (at 0.6 m/s) is different, but this is not important because at this speed the wind 
does not have a significant influence. Because of the reversed flow at the windward part of the cooling 
tower, the performance of the cooling tower was negatively affected in this area. However, more cold 
air is pushed through the heat exchanger at the leeward part of the cooling tower by the effect of the 
crosswind. The performances of the heat exchanger at the leeward are enhanced and can compensate 
the loss in the windward part. In high crosswind speed condition, the strength of the vortex, as well 
as the air mass flow rate at both leeward part and windward part, is increased with the increase of the 
crosswind speed. Compared with 5.5 m/s case, the performances of both the leeward and windward 
part of the cooling tower are better when crosswind speed increases to 8.3 m/s.  
 
Figure 5-13 Comparison of the heat exchanger performance in different crosswind 
Based on the air velocity at the outlet of the cooling tower, Hooman and Tanimizu [86, 161] derived 
a closed-form solution for predicting the crosswind effect on the natural draft cooling tower. For a 
given cooling tower, as knowing the draft speed, the performance of the cooling tower under 
crosswind condition can be predicted by using this model. Figure 5-14 gives the comparison between 
Hooman’s model and the experimental data in this research. As can be seen in Figure 5-14, in low 
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crosswind condition, Hooman’s model can well predict the performance of the NDDCT. The 
deviation is smaller than 15% when crosswind speeds is smaller than 3 m/s. However, the Hooman 
model fails in higher crosswind condition and does not predict the “reversed trend”. The reason 
Hooman’s model fails in high crosswind speed is that it assumes all hot air exiting the cooling tower 
from the tower outlet. However, according to our experimental data in section 5.1.3, a significant 
fraction of hot air is sucked out of the cooling tower from the tower inlet at increasing crosswind 
speeds.  
 
Figure 5-14 Comparison between the experimental data and Hooman’s model 
In past studies of natural convection, the Grashof number has been proposed to represent the natural 
convection effects in the momentum balance equation [54, 162, 163]. It is a measure of the relative 
magnitudes of the buoyancy force and the opposing viscous force acting on the fluid. For the 
horizontally placed heat exchanger in the NDDCT, the Grashof number can be expressed by the 
following equation: 
𝐺𝑟𝐿 =
𝑔𝛽(𝑇𝑟 − 𝑇𝑎𝑚𝑏)𝐿
3
𝑣2
 
(5-1) 
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where g is the gravitational acceleration, β is the coefficient volume expansion ( β=1/T for ideal 
gases), Tr is the mean temperature of the heat exchanger, and v is the kinematic viscosity of the fluid. 
Since the heat exchangers are at the centre of the cooling tower and cover 70% of the tower inlet area, 
the length scale can be defined as: 
𝐿 = √0.7𝐷 
 (5-2) 
where D is the diameter of the cooling tower 
When a NDDCT is subjected to crosswind, the air through the heat exchanger is controlled by both 
natural and forced convection. The relative importance of natural convection and forced convection 
can be determined by the ratio of Grashof number to the square of the Reynold’s number (Gr/Re2). If 
the ratio is much greater than one, the flow regime is mainly controlled by natural convection and the 
forced convection is not significant. If the ratio is much less than one, the flow regime is dominated 
by the forced convection and the natural convection effects are negligible. When Gr/Re2≈1, both 
mechanisms play a vital role and have to be accounted for. The progress can be considered as mixed 
or combined convection. Table 5-1 gives the Reynold’s number and the Grashof number of the 
experimental data points shown in Figure 5-12. 
Table 5-1 Reynold’s number and the Grashof number in different wind condition 
Crosswind 
speed (m/s) 
𝑇𝑎𝑚𝑏 ⁡(
oC) Tr (
oC) ReL Gr Gr/ReL
2 
0.6 25.3 46.7 4.1 ×105 3.45×1012 20.47 
2.3 25.2 48.4 1.5×106 3.76×1012 1.51 
5.5 20.1 44.6 3.6×106 3.77×1012 0.28 
8.3 18.3 40.5 5.7×106 3.71×1012 0.11 
 
When crosswind speed is 0.6 m/s, the value of Gr/ReL
2 is much greater than 1. The forced convection 
effect on the cooling tower is very small and the cooling tower has a uniform performance in each 
heat exchanger, as shown in Figure 5-13. When crosswind speed is about 2.3 m/s, the flow is 
controlled by both natural convection and forced convection. The crosswind at this speed (2.3 m/s) is 
not high enough to generate a reversed suction but high enough to create a low pressure and the air 
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turbulence at the windward part of the cooling tower, which obstructed the vertical airflow in this 
area. This, resulted in the decrease of the cooling tower performance. When the wind speed is larger 
than 5.5 m/s, the forced convection controls the flow regime in the cooling tower and the performance 
of the cooling tower starts to increase with the increase of the crosswind speed.  
At high crosswind condition, the forced convection can be divided into two parts. First one is the 
horizontal forced convection at the bottom surface of the heat exchanger [42]. The second part of the 
forced convection is due to the crosswind pushing more air through the heat exchangers located at 
the leeward part of the cooling tower as discussed in section 5.1.3. Like the flow over a flat plate, the 
horizontal forced convection at the bottom surface of the heat exchanger can be estimated using the 
following correlation [54]. 
𝑁𝑢𝐿 =
ℎ𝐹𝐿
𝑘
= 0.037𝑅𝑒𝐿
0.8𝑃𝑟0.333 
(5-3) 
and 
𝑄𝐹 = ℎ𝐹𝐴𝑆(𝑇𝑟 − 𝑇𝑎𝑚𝑏)                                                     (5-4) 
where 𝑇𝑟 is the average temperature of the heat exchanger, 𝑇𝑎𝑚𝑏⁡is the ambient temperature 
Table 5-2 shows the calculation result of the heat rejection rate at the bottom surface of the heat 
exchanger. The heat transfer to the air through this mechanism is only one component of the wind-
induced forced convection. Because the air-cooled heat exchanger in a NDDCT is designed for 
natural convection, the optimum heat transfer contact area can be achieved only when the air is 
travelling vertically through the heat exchanger. Therefore, the forced convection at the bottom 
surface of the heat exchanger is relatively small compared to the effect of the wind on the vertical 
flow of the air. The results show that when crosswind speed is 8.3 m/s, the forced convection at the 
bottom of the heat exchanger can contribute 9.6% of the total heat rejection rate. 
Table 5-2 Contribution of bottom surface heat rejection in different wind condition 
Crosswind 
speed (m/s) 
𝑇𝑎𝑚𝑏(
oC) 𝑅𝑒L ℎF⁡(W/m
2.K) 𝑄F (kW) Percentage 
2.3 25.2 1.5×106 26.5 47.6 5.6% 
5.5 20.1 3.6×106 40.5 73.5 8.6% 
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8.3 18.3 5.7×106 48.6 81.3 9.6% 
 
5.1.4 Crosswind effect on the performance of the power system 
The sCO2 cycle adopting various heat sources has been the subject of much research in recent years. 
The use of this promising power cycle in a CST system has the potential to deliver cost effective 
electricity generation through offering higher efficiencies and more compact power plants [15, 144, 
164]. A sCO2 CST plant has to meet many inevitable requirements, such as fluctuation of solar 
intensity, air temperature and wind velocity variations over a day and over seasons. This cooling 
tower is designed for a 1MWe CST system with sCO2 Brayton cycle. Figure 5-15 shows the system 
configuration of the power system.  
 
Figure 5-15 The simple recuperated Brayton cycle indirectly cooled by the Gatton cooling tower 
In our previous research, we analysed the ambient temperature effect on the performance of the sCO2 
power cycle. The detailed system modelling method and assumptions are presented in literature [40]. 
Based on the experimental data in Figure 5-12 and previous modelling methodology, the crosswind 
effect on the performance of the above CST power system is simulated and shown in Figure 5-16.  
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Figure 5-16 Performance of the power cycle versus different crosswind speed and different ambient 
temperature 
As can be seen in this figure, the performance of the system changes with the corresponding cooling 
tower performance. With the increasing crosswind speed, the performance of the power system first 
decreases and then increases. The critical crosswind speed is around 5 m/s, where ?̇?𝑛𝑒𝑡 is expected 
to decrease by 4%. The greatest effect of the crosswind on the power system is equivalent to 5 oC 
increase in the ambient temperature. According to the climate condition of Australia, the daily 
ambient temperature difference could be more than 30 oC in parts of the year. Compared with the 
ambient temperature issue, the crosswind has less effect on the performance of the power system, but 
it still cannot be ignored during the actual operation.  
5.1.5 Conclusion 
In this research, the performance of a 20 m high experimental NDDCT was tested in different ambient 
conditions. The detailed experimental data of the ambient condition, general performance of the 
cooling tower, air temperature distribution inside the cooling tower and air-cooled heat exchanger 
performance are presented and discussed in this paper. The current study draws the following 
conclusions.  
125 
 
1. Crosswind causes a non-uniform air temperature distribution inside the cooling tower. The air 
temperature at the windward part is higher. In high wind speed condition, a strong air recirculation is 
formed at the bottom of the windward part of the cooling tower and airflow direction in this area is 
upside down. 
2. Significant air-cooled heat exchanger performance difference is observed in high speed crosswind 
condition. Due to the air turbulence and the air recirculation at the windward part of the cooling tower, 
the heat exchanger performances in this area are negatively affected. On the other hand, more cold 
air is pushed through the heat exchanger at the leeward part of the cooling tower and the performances 
of the heat exchanger at the leeward part of the cooling tower are enhanced and can compensate the 
loss in the windward part. 
3. With the increase of the crosswind speed, the overall cooling performance of the cooling tower 
first decreases and then increases. This is because in high speed wind condition, the airflow through 
the cooling tower is mainly controlled by the crosswind and the increase of the crosswind speed can 
push more air through the heat exchanger. When crosswind speed increases to a certain wind speed 
(around 5 m/s), the performance of the cooling tower reached the minimum and the net work output 
of the system is decreased by 4%. 
The experimental data and the discussion about the crosswind effect on Gatton cooling tower can be 
used to direct the future design and operation of small NDDCT. It can also help develop and validate 
the mitigation method for the crosswind effect. 
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5.2 Cold inflow effect on natural draft dry cooling tower 
This section is based on a paper published on Applied Thermal Engineering, with small modifications. 
Since the details of the experimental system is already presented in section 4.2, the second part of the 
journal paper, which is also the instruction of the experimental system, is omitted. While Chapter 4 
presents the steady state performance of the cooling tower, in this section, an unsteady cooling tower 
behaviour, the cold inflow, is identified and discussed. Under some specific operation conditions, 
several events of cold air incursion into the top of the cooling tower are periodically occurred and the 
performance of the cooling tower is found to be negatively affected by these un-regular air 
movements. This section presents the detailed experimental data of the air/water temperature 
variation during the cold inflow events and discusses the working mechanism and the solution. It is 
noted that the geometry of the cooling tower should be given extra attention in the small cooling 
tower design 
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ABSTRACT: The heat rejection rate of natural draft dry cooling tower, as well as the operating 
performance of a power plant, can be affected by numerous ambient factors. The cold inflow is an 
unfavourable air turbulence at the top of the cooling tower and has a significant negative effect on 
the performance of natural draft cooling towers. In the present research, results are given for a 20 m 
high natural draft dry cooling tower experimental system tested at different ambient conditions. 
Several events of cold air incursion into the top of the cooling tower are identified and the detailed 
experimental data are presented. The experimental data show that this effect could seriously impair 
the thermal performance of the cooling tower. The water outlet temperature of the cooling tower has 
increased by as much as to 3°C in these tests because of the cold inflow effect. The mechanism and 
the solution are discussed based on the experimental data. The findings in this paper can lay an 
important foundation for future small natural draft cooling tower design and operation.  
 
Keywords: Cold inflow, Natural draft dry cooling tower, Experimental study 
 
5.2.1 Introduction 
Cooling towers are a core component of thermal power plants [16]. While the wet cooling towers use 
the water evaporation to discharge the heat, dry cooling towers transfer the heat to air. The extended 
surfaces or finned tubes in the water-to-air heat exchangers offer large air contact areas. In a natural 
draft dry cooling tower (NDDCT), the airflow through the heat exchanger is created by the density 
difference between the hot air inside the tower and the ambient air outside the tower. This cooling 
technology can effectively discharge the heat without consuming water and virtually with no parasitic 
power consumption. NDDCTs are therefore believed to be the cost effective option for the power 
plants located in the arid area [4, 5]. 
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The performance of all air-cooled heat exchangers and cooling towers are affected by the changes in 
ambient conditions [4, 6, 27]. Changes in air temperature, air humidity, crosswinds, rain, snow, hail 
and the solar radiation all affect the performance of NDDCT to a greater and less extent. Two ambient 
factors, the hot ambient temperature and the crosswind, are considered most significant for NDDCTs 
and received a lot of attention in recent years [26, 38, 74, 165]. He et al [165] investigated the 
performance of the NDDCT at different ambient conditions and proposed the wetted-medium pre-
cooling technology to cool the air when the ambient air is hot and dry. Fahmy and Nabih [166] 
investigated the impact of ambient air temperature and the heat load variation on the performance of 
air-cooled heat exchangers in a LNG plant. Li et al [40, 73] tested the performance of a 20-m tall 
NDDCT under different ambient conditions and then validated with the numerical model. Kroger et 
al [4, 76] summarized the performance of several industrial cooling towers under windy conditions 
and discussed the effect of heat exchanger arrangement and wind-break walls on the performance of 
NDDCT subjected crosswind. Yang et al [38, 69, 71] discussed the dimensional characteristics of 
wind effects on the performance of indirect dry cooling system with both vertically and horizontally 
arranged heat exchanger bundles. Zhao et al [68, 131] simulated the cooling performance of a dry 
cooling tower with vertical two-pass column radiators under crosswind.  
Phenomena such as low pressure and vortex flow often occur around cooling towers, affecting the 
performance of the cooling tower. Re-entry of hot air back into the tower were reported for 
mechanical cooling towers [167-169]. This strange airflow behaviour is usually due to the limited 
space around the cooling tower. The unfavourable flow interaction occurs and result in the 
recirculation of the hot exhaust air. On the other hand, for natural draft cooling towers and chimneys 
having a relatively slow airflow inside, instability could exist at the top of the tower. The instability 
manifests itself with external cold air intruding into the tower. This phenomenon has been reported 
in chimneys and cooling towers where the air velocity is not sufficiently high. Jörg and Scorer [170] 
demonstrated this phenomenon by simulating the cold inflow in a water tank and with some 
supplementary investigations in air. They developed a correlation to predict the cold inflow to a tube 
based on their experimental result. Sparrow et al [171] reported the cold inflow during natural 
convection in a one-side heated open ended vertical channel. The cold air reversals were observed 
near the top of the channel. Modi and Torrance [172] investigated the cold inflow at the exit of 
buoyant channel flows. They discussed the influence of the Reynolds number and Froude number on 
the structure of cold inflow at moderate Reynolds number. According to their research, the cold 
inflow is associated with the premature separation of the wall boundary layer in a buoyant channel 
flow. Fisher and Torrance [173] quantified the cold inflow effect on the chimney–enhanced free 
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convection experiments. Their results indicate that the overall heat transfer is approximately 
decreased by 4 percent because of the cold inflow effect. Chu et al. [47, 174, 175] studied the effect 
of cold inflow on chimney height of natural draft cooling towers. They also proposed the wire mesh 
to prevent this cold air from sinking into the chimney duct. However, all the above researches on the 
cold inflow effect were based on the lab-scale or numerical models. No detailed full-scale 
experimental data was reported and the cooling tower performance hasn’t been connected with the 
effect of the cold inflow. In fact, very few people paid attention to this phenomenon in the recent 
cooling tower research and it hasn’t been mentioned in the recent cooling tower experimental research 
[41, 42, 45, 99, 109, 132, 159, 169, 176].  
The authors’ research group has been developing small NDDCT technology for small-scale (1-30 
MW) concentrating solar thermal (CST) power generation. Existing cooling tower designs optimised 
for large steam power cycles are not optimal for such relatively small plants. The NDDCTs for small 
CST power plant would be shorter and would have slower moving air. Therefore, they are more 
vulnerable to cold inflow. In this research, a real renewable power plant size of 20-m NDDCT test 
system was developed and built at the University of Queensland. The performance of this cooling 
tower was tested at different ambient conditions and cold air incursion was observed in some of the 
tests. The experimental data of cold air incursion from the top of the cooling tower are presented in 
this paper. The mechanism of the cold inflow effect is explained by considering the negative effect 
of the cold air inflow on natural draft process and the air momentum exchange. A possible solution 
of this effect is proposed which can provide further assistance for future small cooling tower design. 
5.2.2 Experimental data of the cold air inflow  
 General performance of the cooling tower  
For a NDDCT, the driving force of the heat exchange process is the temperature difference between 
the hot water and the ambient air; the cold air through the heat exchanger is driven by the density 
difference between the hot air inside the tower and the cold air outside the cooling tower. Thus the 
ambient temperature has a great influence on the performance of the cooling tower. Figure 5-17 shows 
the general performance of this cooling tower at different ambient temperature. The heat rejection 
rate in this test is controlled to be 840 kW and the total water mass flow rate is 15 kg/s. As shown in 
Figure 5-17, in general, the overall inlet and outlet water temperature increase with the increase of 
the ambient temperature. The average water temperature difference is unchanged because the cooling 
tower is running with constant heat load. The overall cooling tower water outlet temperature increased 
from 25°C to 37°C when the ambient temperature ranges from 11°C to 28°C.  
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Figure 5-17 General performance of the cooling tower at different ambient temperatures 
 Effect of the cold air inflow 
For the NDDCT worked in the above test ambient conditions, the performance of the tower is 
influenced by several factors simultaneously. Thus the water inlet and the outlet temperatures 
experienced several oscillations during the test. In phase A, B and C shown in Figure 5-17, the 
performance of the cooling tower suffered several large turbulent disruption. The hot water outlet 
temperature increases up to 3°C compared with the steady state performance.  
Figure 5-18, Figure 5-19 and Figure 5-20 present the detailed air temperature distribution inside the 
cooling tower during Phase A defined in Fig. 3. The timing of these figures are relative to the start of 
Phase A. The numbers for each line present the location of the air temperature sensors as defined in 
Figure 4-5. According to the experimental data, the air temperature inside the cooling tower suffered 
several obvious turbulent during the test time. At about 140 s, 400 s, 700 s, and 1600 s, the air 
temperature of all the three levels inside the cooling tower experienced several significant decreases. 
The air temperature suffered the greatest decrease between 600 s to 800 s. As shown in Figure 5-18, 
Figure 5-19 and Figure 5-20, from 600 s to 700 s, the air temperature of the top and the middle levels 
slightly increased, while the air temperature at bottom layer remained relatively stable. At about 700 
s, most of the air temperature of the top level started to decrease, then followed the middle layer at 
about 729 s and the bottom level at about 740 s. The timing of the air temperature variation indicated 
the cold air was coming from the top of the cooling tower and then penetrated to the bottom layer of 
the cooling tower.  
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Figure 5-18 Air temperature distribution at the top level: Phase A 
 
Figure 5-19 Air temperature distribution at the middle level: Phase A 
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Figure 5-20 Air temperature distribution at the bottom level: Phase A 
Figure 5-21 presents the detailed tower performance during the Phase A in Figure 5-17. Figure 5-21 
(a) shows general performance of the cooling tower and the average air temperature of the three 
measurement levels inside the cooling tower. Figure 5-21(b) gives the detailed information of the 
crosswind. As can be seen in this figure, water temperature and the air temperatures at all 3 levels are 
relatively stable at the beginning of the test. The average air temperature at the top level and the 
middle level are almost the same. However, the air temperatures of all three layers inside the cooling 
tower slightly decreased at about 140 s. After that, there is a slight temperature difference between 
the top and the middle. At about 400 s and 700 s, the average air temperatures of all three levels 
significantly decreased again and caused an increase of the temperature gap between the middle and 
the top layers, which lasted until the end of the test. During the test time, the water outlet temperature 
increased at 140 s, 400 s, 700 s, and 1600 s, which can be perfectly matched against the timing of the 
cold air incursion. Thus we conclude that the cold inflow from the top is the main reason why the 
water outlet temperature increased periodically during the test. The similar phenomenon can also be 
found in Phases B and C in Figure 5-17.  
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Figure 5-21 The detailed performance of the cooling tower suffering cold air inflow:  
(a) Tower performance (b) Wind condition 
Figure 5-22 gives another long time test data of the general performance of the cooling tower. In this 
test, the water mass flow rate was 7.25 kg/s with 840 kW heat input into the system. The cooling 
tower suffered a number of cold air incursions in this period as marked in Figure 5-22. As in Figure 
5-21, the cold air incursion led to a reduction of the air temperature inside the cooling tower and a 
significant temperature gap between the middle and the top levels of the cooling tower. To keep the 
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heat rejection constant, the hot water temperature had to be increased by the control system to 
compensate for the negative effect of the cold air inflow.  
 
Figure 5-22 The performance of the cooling tower suffering cold inflow:  
(a) Tower performance (b) Wind condition 
An interesting observation about the experimental data plotted in Figure 5-21 and Figure 5-22 is that 
the effect of cold inflow becomes less significant with the increase of the crosswind. As shown in Fig. 
7, at about 600 s and 1800 s, the wind speed is significantly higher than the rest of the interval. The 
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air temperature inside the tower is the highest in this period. Similarly, in the 11000 s to 14000 s in 
Figure 5-22, where the crosswind speed is the highest during the test, the effect of cold air incursion 
is reduced. This region is marked by the shaded rectangle in Figure 5-22. The air temperature in the 
middle of the cooling tower equals to the air temperature of the top and the performance of the cooling 
tower is the best during this test interval. That’s why water temperatures decreased a little even with 
the increase of the ambient temperature.  
Table 5-3 gives the experimental data of the cold air inflow effect on the performance of the cooling 
tower. ∆T air is the average air temperature change of the 27 temperature sensors inside the cooling 
tower during cold air inflow while ∆T water is the average water outlet temperature change compared 
with the steady state performance. Before the cold incursion occurs, there are intervals in which the 
general performance of the cooling tower is stable in short time (around 2-3 minutes) with the water 
temperatures staying unchanged. The average value calculated based on these intervals is defined as 
the steady state performance. The numerical values were computed for cold inflow events observed 
in the experimental traces given in Figure 5-17. The approach temperature is selected to evaluate the 
effect of the cold inflow. The approach temperature is defined as  
𝑇approach = 𝑇wo − 𝑇ai                                                  (5-5) 
The lower approach temperature means the hot fluid temperature can be better matched with the cold 
fluid and the thermal performance is better. As can be seen in the table, the approach temperature is 
increased with the increase of ∆Tair. This indicates the performance of the cooling tower is worse with 
more cold air getting into the cooling tower from the top. 
Table 5-3 Cold air incursion effect on the performance of the cooling tower 
Measure points 1 2 3 4 5 6 
∆T, air (°C) 0 0.71 1.01 1.25 1.52 2.13 
∆T, water (°C) 0 1.81 2.27 2.30 2.59 2.99 
Approach (°C) 15.10 16.81 17.37 17.40 17.69 18.09 
 
5.2.3 Discussion 
 Mechanism of the cold air incursion on tower performance 
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In a NDDCT, the air is forced through the heat exchanger by the density difference between the 
ambient air and the hot air inside the cooling tower. With the cold inflow at the top of the cooling 
tower, the air density difference is decreased making the driving force of the airflow smaller. So the 
performance of the cooling tower is negatively affected by the cold air inflow.  
Eq. (5-6) is the draft equation of NDDCT, the right side of this equation presents the driving force of 
the air flow while the left side represents the total flow resistance [4]. 
−𝜌a𝑣a
2𝐾tow/2 ≈ (𝜌a,tow − 𝜌a,amb)g(𝐻𝑇 − 𝐻𝑖𝑛)                                   (5-6) 
In this equation, ⁡𝐾tow is the total loss coefficient of the cooling tower,⁡𝑣a⁡is the average air velocity 
inside the cooling tower, 𝜌a⁡ is the mean air density before and after the air pass through heat 
exchanger, 𝜌a,amb is the density of the ambient air and 𝜌a,⁡tow is the average air density inside the 
cooling tower. The average air densities are calculated by the air temperatures, which are computed 
using the average value measured by each temperature sensor. 
  
The air mass flow rate inside the cooling tower can be expressed by the following equation: 
?̇?𝑎 = 𝑣𝑎𝜌𝑎𝐴                                                            (5-7) 
and the air density can be calculated by  
𝜌 =
𝑃
𝑅𝑇
 
(5-8) 
Assume 𝐾tow is constant, and by substituting Eq. (3) and Eq. (4) to Eq. (2), find  
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′
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= √
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2
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(5-9) 
where ?̇?𝑎
′ , 𝜌a,⁡⁡tow
′⁡  and 𝑇a,tow
′⁡  are the air mass flow rate, air density inside the cooling tower and the 
average air temperature inside the cooling tower under the cold air incursion condition. 
For the air-cooled heat exchanger, the energy balance equation is given by 
𝑄 = 𝑚a𝑐pa(𝑇ao − 𝑇ai) = 𝑚w𝑐pw(𝑇wi − 𝑇wo)                                 (5-10) 
and  
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𝑄 = 𝑈𝐴𝐹T
(𝑇wi − 𝑇ao) − (𝑇wo − 𝑇ai)
ln⁡[
(𝑇wi − 𝑇ao)
(𝑇wo − 𝑇ai)
]
 
(5-11) 
The overall heat transfer coefficient of the air-cooled heat exchanger can be calculated by Eq. (5-
12) 
𝑈𝐴 =
1
1
ℎa𝐴a
+
ln⁡(𝑑0/𝑑i)
2𝜋𝑘t𝐿t
+
1
ℎw𝐴w
 
(5-12) 
where ha is the air side heat transfer coefficient, Aa is the total air side heat transfer area, kt is the 
thermal conductivity of the tube, Lt is the length of the tube, hw is the water side heat transfer 
coefficient, Aw is the water side heat transfer area 
The following equations were proposed by Kroger [2] to calculate the waterside heat transfer 
coefficient in the heat exchanger: 
𝑁𝑢 =
(
𝑓D
8 )
(𝑅𝑒w − 1000)𝑃𝑟⁡[1 + (
𝑑
𝐿)
0.67
]
1 + 12.7 (
𝑓D
8 )
0.5
(𝑃𝑟0.67 − 1)
 
(5-13) 
ℎw =
𝑁𝑢𝑘
𝑑
 
(5-14) 
where 𝑓D is the friction factor inside the tube and can be expressed by the following equation: 
𝑓D = 0.3086[log10{
6.9
𝑅𝑒w
+ (
𝜀/𝑑
3.7
)1.11}]−2 
(5-15) 
The air side heat transfer coefficient is provided by the heat exchanger manufacture and refined by 
the experiment data [12],  
 
ℎa𝐴a = 0.0143𝑅𝑒a
2 + 83.2𝑅𝑒a + 22210                                (5-16) 
where Rea is the Reynolds number of air. The characteristic length of Rea is the equivalent circular 
diameter of the airflow passage, which is 0.017 m for this particular heat exchanger 
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Based on above equations, the effect of the cold air inflow on the natural draft process can be 
calculated using the following process; 
1) Input the ambient condition, get the air temperature change from the experimental data. 
2) Use the equation 5-6 to 5-9 to get the mass flow rate ratio ?̇?a
′/?̇?a and combine ?̇?a
′/?̇?a⁡with 
equations 5-10 to 5-16 to get the performance of the heat exchanger performance under the 
cold air inflow 
3) Output 𝑇𝑤𝑜
′  
Figure 5-23 gives the comparison between the experimental data and the above analyse. The blue line 
in the figure is the linear correlation produced from the experimental data represented by the discrete 
points while the red line is the modelling result using the above simulation method. As can be seen 
in this figure, there is an obvious gap between the experimental data and the modelling prediction. 
The above numerical modelling underestimated the effect of cold air inflow, which indicates there 
might be another reason which could negatively affect the heat exchange process. 
 
Figure 5-23 Cold incursion effect comparison 
According to the experimental data of section 5.2.3, the cold air comes in at the top and then 
penetrates into the bottom layers. While doing so, it meets the hot air rising to the top. When two 
fluid streams collide, a flow resistance is formed due to the momentum exchange between them. This 
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further decreases the air mass flow rate through the heat exchanger, consequently the thermal 
performance of the cooling tower. In Figure 5-23, the large ∆𝑇air indicates a large cold air mass flow 
rate while the small ∆𝑇air does the opposite. When ∆𝑇air is small, the mass flow rate of the cold air 
from the top is small. The effect of the momentum exchange on the air mass flow rate through the 
heat exchanger is small. Increase of the water temperature is mainly due to the decreased natural draft 
effect. That’s why the blue line and the red line are very close when ∆𝑇air is small. With the increase 
of the cold air mass flow rate from the top of the cooling tower, a large ∆𝑇air is formed as well as a 
greater flow resistance for the air through the heat exchanger. Thus in high ∆𝑇air condition, the cold 
air inflow decreased the natural draft effect and at the same time formed another flow resistance for 
the hot air. These two factors work together to influence the performance of the cooling tower. 
 
Figure 5-24 Single process of the cold air incursion 
Figure 5-24 presents a single process of the cold air incursion. As shown in this figure, this effect can 
be divided into 3 stages. At the first stage, the cold air begins to get in the cooling tower from the top 
of the tower. The average air temperatures inside the cooling tower start to decrease, so as the natural 
draft effect. Due to the decrease of the driving force for the air flow and an extra flow resistance 
caused by the air momentum exchange, less air is sucked into the cooling tower, which makes the 
situation worse. Thus the air temperature inside the cooling tower keeps decreasing while hot water 
temperature keeps increasing in this stage. This is however a self-correcting process. The increased 
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hot water temperature improves the driving force. The second stage in Figure 5-24 represents this 
reversal, when the air temperature inside the cooling tower reaches the minimum. The cooling tower 
suffers the minimum natural draft effect and the air mass flow rate is the smallest during this interval. 
In the third stage, because of the increased hot water temperature, the average air temperature inside 
the cooling tower starts to increase again and improves the natural draft effect. The performance of 
the cooling tower is becoming better in this stage. With more moving air go through the heat 
exchanger, the water temperature decreases and finally the steady state is reached again. 
 Reason and solution 
As demonstrated by Jörg and Scorer [170], if the buoyant fluid in an open topped vessel is in a uniform 
environment, the surrounding fluid will flow in and replace the buoyant fluid unless the upward 
velocity is large enough. That’s why the cold inflow was observed at the top of the cooling towers 
and chimneys with relatively slow moving air. The driving force of the cold inflow is the density 
gradient between the heated air and the unheated ambient air. For cooling tower running in the steady 
state, the total pressure inside the top of the cooling tower is equal to the total pressure outside the 
cooling tower if the upward velocity inside the cooling tower is uniform. However, as shown in Figure 
4-1, the flow passage at the top of the Gatton tower is divergent. According to Sparrow’s [177] 
research about flow separation, when fluids flow through in a diverging passage, the flow regime 
may change and the fluids may not be able to follow the contour of the bounding walls. This effect 
may form a low speed zone near the divergent wall boundary layer at the upper part of Gatton tower 
and makes the inside total pressure smaller than the outside, result in the cold inflow.  
In continuum mechanics, the Froude number (Fr) is a dimensionless number defined as the ratio of 
the flow inertia to the external field which can be expressed as  
𝐹𝑟 = 𝑣2/𝑔𝑙                                                            (5-17) 
where v is a characteristic flow velocity, g is in general a characteristic external field, and l is a 
characteristic length.  
In cooling tower area, the previous research has proposed a densimetric Froude number based on the 
tower outlet diameter [4]. 
1
𝐹𝑟𝐷
= (𝜌a − 𝜌)𝑔𝑑/𝜌𝑣
2 
(5-18) 
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where 𝜌a is the ambient air density at the elevation of the tower outlet and 𝜌 is the density of the air 
leaving the tower 
 
According to the research by Lucas and Richter [178] and Richter [179], the air flow at the tower 
outlet tends to become increasingly more unstable with the increase of the 1/FrD. Cold air inflow is 
entrained by plume for 3.05 < 1/FrD < 6 while the cold air penetrated to the heat exchanger level 
occurs when 1/FrD > 7. For this experimental cooling tower, the air velocity at the tower outlet is 
about 0.7 m/s when the ambient temperature is 30°C and the hot water inlet temperature is 55°C. 
Under this operation condition, the value of 1/FrD for Gatton tower is about 10. For a large industrial-
scale cooling tower (58 m x 83 m x 120 m, top diameter x bottom diameter x height) operated at the 
same condition [2], the air velocity at the tower outlet is around 3 m/s. The value of 1/FrD in big tower 
is 3.8 times smaller than Gatton tower, result in a better resistance on the cold air incursion. That is 
probably why this behaviour didn’t get enough attention in the past because past cooling practice and 
analysis were limited to towers much taller. 
For conventional big cooling towers at heights of up to more than 100 m and with a relatively great 
wind load at the top structure, the reinforced concrete columns are used to support the tower. The 
structural strength and stability of the tower shell are the first concern for the geometry design of the 
cooling tower [180]. On the other hand, for a small cooling tower contains a mass of slowly moving 
air that is slightly buoyant relative to the surrounding air. The tower performance is susceptible to the 
turbulence at the top of the cooling tower. So the influence of the cold air inflow should be given 
extra attention in the small cooling tower design. The outlet diameter of the cooling tower has a 
significant influence on the behaviour of cold air inflow. Decrease of the tower outlet diameter could 
accelerate the air outlet velocity and therefore decrease the value of 1/FrD exponentially. A 
converging tower outlet is recommended for small cooling tower since this shape can overcome the 
problem of the cold air inflow by accelerate the air speed at the upper part of the cooling tower and 
avoid the effect of flow separation. However, the convergence shouldn’t be too excessive because the 
dynamic loss increases with the decrease of the tower outlet diameter. 
5.2.4 Conclusion 
In this research, the performance of a 20-m NDDCT (real size cooling tower for small renewable 
power plants) was tested in different ambient conditions and the phenomenon of the cold air incursion 
from the top of the cooling tower was observed. The detailed experimental data of the ambient 
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condition, air temperature distribution inside the cooling tower and the variation of the hot water 
temperature are presented.  
Repeated cold air incursion events were observed that cause a significant decrease of the air 
temperature inside the cooling tower. The water outlet temperature can be increased up to 3°C as a 
result of these events. Further analysis of the cold inflow mechanism shows that this process operates 
by decreasing the driving force and also forming an extra flow resistance for the airflow through the 
heat exchanger. The performance depression of the cooling tower is inversely correlated by a 
densimetric Froude Number based on the tower outlet diameter. This phenomenon has been observed 
even in tall towers in the past but the effect was not significant and did not receive much attention. 
Our results show that cold inflow phenomenon should be paid extra attention in small cooling tower 
design. One measure identified in the paper to mitigate this effect is to use a converging tower outlet 
for small NDDCTs. 
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Chapter 6 A new crosswind mitigation method  
 
This Chapter is based on a paper published on International Journal of Heat and Mass Transfer. The 
second part of the journal paper, which is the description of the CFD modelling method, is simplified 
since it has already been demonstrated in Chapter 2 and 3. According to the literature review in 
Chapter 2 and the CFD simulation in Chapter 3, the performance across the air-cooled heat exchanger 
areas in a cooling tower are not uniform under crosswind condition. For example, for a NDDCT with 
horizontally arranged heat exchanger, the performance of the leeward part is better than the windward 
part. The experimental results in Chapter 5 demonstrated that when crosswind speed is 8.3 m/s, the 
water outlet temperatures may differ between the air-cooled heat exchangers panels by up to more 
than 10 °C. In such a case, the hot water is not effectively utilized. In order to solve this problem, this 
Chapter proposes a novel method to mitigate the crosswind effect on the cooling tower by controlling 
the water distribution to different heat exchanger bundles. The idea of this method is to adjust the hot 
water mass flow rate in each heat exchanger bundle to better match with the cooling air under the 
windy condition. The results show that this technology could effectively relieve the adversely 
influence of crosswind on the thermal performance of a natural draft dry cooling tower. 
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Abstract: Crosswind is a big challenge to the cooling performance of natural draft dry cooling towers 
(NDDCTs) and has attracted a lot of attention in previous research. This study proposed a new method 
to increase the performance of NDDCT under crosswind conditions by optimizing the hot water mass 
flow rate in the air-cooled heat exchangers. The 20m UQ Gatton NDDCT was selected as a case study 
to test and validate this method. The cooling performance of this cooling tower under crosswind 
condition was evaluated by the 3-D CFD model. The results show that the crosswind redistributes the 
air flow and result in a non-uniform heat exchanger performance. By optimizing the hot water mass 
flow rate among the heat exchanger bundles, the cold fluids and hot fluids of the air-cooled heat 
exchanger can be better matched. The cooling performance of the NDDCT is increased by 18% when 
the crosswind speed is 4 m/s.  
Key words: Natural draft dry Cooling tower, Performance enhancement, Crosswind, Water 
distribution 
 
6.1 Introduction 
For every thermal power plant, the cooling tower is an indispensable part and its performance will 
significantly influence the efficiency of the whole system[3]. Natural draft dry cooling towers 
(NDDCTs) are widely utilized in the power plants of water deficient areas throughout the world for 
more than fifty years[4]. Though the construction shape and the heat exchanger arrangement may 
different, the fundamental mechanism is the same. Ambient air is used for heat transfer medium 
instead of water evaporation as in wet cooling towers. The density difference of the air inside and 
outside of the cooling tower generates a “buoyancy effect”, which keeps the hot air inside the tower 
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rising and sucks the external cool air into the tower. This so called natural draft effect takes the heat 
away to achieve cooling[16].  
This cooling technology could save a lot of water and has a lower maintenance cost but also faces 
two big challenges: hot ambient temperature and the crosswind [6, 24, 32, 157, 181]- both have 
negative effects on the cooling performance. The driving force of the heat transfer process is the 
temperature difference between the air and the hot water and the driving force of the air flow in the 
cooling tower is the density difference between the air inside and outside of the tower. So the NDDCT 
performance is seriously reduced at the high ambient temperature. As another ambient effect, 
crosswinds could also cause a significant performance drop by disturbing the natural draft processes 
[4]. Compared with high ambient air temperature issue, crosswind effects are much more complex 
and difficult to predict. So the research of crosswind effect on NDDCT has achieved a lot of attention 
in previous cooling tower research. The crosswind has more significant effect on shorter NDDCTs 
proposed for renewable power plants, such as the NDDCT proposed by the authors for the 
Concentrating Solar Thermal (CST) Power plant configuration being developed by the Australian 
Solar Thermal Research Initiative (ASTRI). This is another reason why the topic has started attracting 
attention in recent years due to increased interest in renewable thermal power generation. 
Kröger [4] summarized the early industrial data about the crosswind effect on the NDDCTs. In this 
book, Kröger presented the tower performance of the Gagarin power plant, Rugeley power plant, and 
Grootvlei power plant in different crosswind conditions. The crosswind velocity, air inlet temperature 
and the water outlet temperature were recorded in the publication. The performance of all tested 
NDDCTs subject to crosswinds decreased with the increasing wind speed for a given heat rejection 
rate. Wei et al [45] studied the unfavorable effects of crosswind on a 125m NDDCT. In their research, 
the authors pointed out that when crosswind speed was about 6m/s, the draft velocity of the cooling 
tower decreased about 20%. Su et.al investigated the fluid flow and the temperature distribution of 
the dry-cooling tower under crosswind.[36] The results without crosswind have been compared 
against those obtained with crosswind, at the crosswind speeds of 5 m/s and 10 m/s. Based on the 
simulation result, the authors explained how the crosswind affects the cooling performance of the 
tower. Al-Waked and Benhia [39] analysed the performance of the NDDCT under crosswind using a 
three-dimensional CFD study. As reported by the authors, the crosswind velocity has a significant 
effect on the cooling performance of the NDDCT. The cooling performance dropped by 30% when 
the wind velocity is larger than 10 m/s. For different air temperatures, the crosswind effect manifests 
itself in the same manner. Yang [38] et al simulated the crosswind effects of a NDDCT with vertically 
arranged heat exchanger bundles. The thermo-hydraulic performance of the heat exchanger was 
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considered in this simulation. The performance of the towers with different aspect ratios and with 
horizontally arranged heat exchangers were also investigated under the crosswind conditions[69-71, 
182]. Zhao et al [37, 68, 131] studied the cooling performance of NDDCT with vertical delta radiators 
under the constant heat load in different crosswind conditions. The authors claimed that with 
increasing crosswind velocity, the cooling performance of the NDDCT under constant heat load 
deteriorates sharply at low velocity, but varies slightly at high velocity. 
Previous research has identified a number of methods to mitigate against negative crosswind effects. 
Du Preez and Kroger [76] investigated the effect of the heat exchanger arrangements. They pointed 
out that the A-frame forms and a radial pattern heat exchanger arrangement could help defencing the 
negative effect of the crosswind. Zhai and Fu [46] investigated the windbreak wall methods in and 
around the cooling towers to enhance the cooling performance under crosswind conditions. A small-
scale cooling tower model was tested in the wind tunnel. Their research indicated that the external 
windbreak wall can effectively reduce the adversely effect of the crosswind. Lu et al [42, 56, 74] 
studied the effect of a tri-blade like windbreak wall at different wind attack angles on a small NDDCT. 
According to the simulation result, windbreak wall can enhance the cooling performance with the 
increase of the crosswind speed. Sun et al [109] investigated the effect of the air guiding channels in 
both wet and dry cooling towers. Their research showed that the guiding channels can improve the 
thermal efficiency of the cooling tower in crosswind conditions by increasing the mass flow rate of 
the air stream inside the cooling tower. M. Goodarzi explored the influence of the shell geometry on 
the cooling tower performance at various crosswinds.[117, 183] In his research, alternative shell 
geometry with elliptical cross section was proposed instead of usual shell geometry with circular 
cross section. At crosswind speed of 10m/s, the cooling tower with this special shell geometry could 
have the same thermal performance as the cooling tower with windbreak walls. Wang et al simulated 
a NDDCT of a 660MW power plant[184]. An enclosure outside the radiators was proposed to 
increase the performance of the cooling tower under the windy condition. By improve the 
circumferential no-uniformity and the complexity of the air flow inside the tower, the air mass flow 
rate through the cooling tower can be increased by 36% when the crosswind speed is 20m/s. Chen et 
al [119] proposed a novel vertical arrangement of air-cooled heat exchanger to improve the thermos-
flow performance of the heat exchangers by utilize the wind power. 
On the other hand, in wet cooling towers, non-uniform water distribution method was proposed to 
increase the performance of the wet cooling tower. As reported in Smreka’s experimental research 
[127], the temperature and velocity fields in a cooling tower are not homogeneous. The general idea 
of this method is to adjust the amount of water to suit the air flow conditions. It turns out that the 
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outlet temperature of the cooling tower was decreased and the efficiency of the whole power plant 
was increased by applying this technology. Gao et al [122] investigated the cooling tower with non-
uniform layout fillings. By optimizing the water evaporation in certain area of the cooling tower, the 
performance of the cooling tower can be enhanced by 30%. 
According to the above literature review, most of the previous solutions to deal with the crosswind 
issue on NDDCTs were to increase the air mass flow rate through the cooling tower. The water side 
optimization was however ignored. Based on the working mechanism of the air-cooled heat 
exchanger, this paper proposed a new method to enhance the cooling performance of NDDCTs under 
crosswind conditions. A 3D CFD model of a 20m high tower was developed and the crosswind effect 
on this cooling tower was analysed. Then, the water distribution method was applied and discussed 
at different crosswind speeds.  
6.2 Cooling tower modelling  
For renewable thermal power generation plants, the power rating is generally much smaller than the 
conventional large coal fired or nuclear thermal plants. The Queensland Geothermal Energy Centre 
of Excellence (QGECE) has been developing small NDDCTs for these renewable power plants [6]. 
A 20m high NDDCT designed for CST power plant was built at the University of Queensland Gatton 
campus. In this paper, a 3D CFD model was established in consonance with the geometry and heat 
exchanger parameter of the Gatton cooling tower. 
6.2.1 Numerical solver  
In this study, the airflow momentum and turbulence are modelled by the realizable k-ε model as it’s 
one of the most appropriate viscous model for low Reynolds number[155] . The general term of the 
model can be expressed as:  
 
∇. (𝜌𝑢ϕ − Γϕ∇ϕ) = 𝑆ϕ                                            (6-1) 
where ⁡ϕ is the scalar quantity of each parameters in this model; Γϕ is the diffusion coefficient and 
𝑆ϕ is the source term. Table 3-1 presents the expression of the three parameter in the above equation.  
The physical properties of the air are calculated using the in-compressible ideal-gas model. The 
pressure-based segregated algorithms: SIMPLEIC is applied and the second order of upwind 
discretization method is applied to discretise the governing equations. The calculation results were 
obtained with the scaled residuals drop to the order of 10-5 and the monitored variables (average 
temperature of the tower outlet and the air mass flow rate of the cooling tower) were stable. 
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6.2.2 Mesh and boundary condition 
As presented in Figure 3-3, the geometry of the cooling tower in this CFD model is the same as the 
physical size of Gatton cooling tower, as well as the air-cooled heat exchanger layout. A 90 m high, 
144 m diameter cylinder was set as the computational domain area. The cooling tower and the heat 
exchangers are discretised by the structured hexahedron mesh, adopting the ANSYS meshing sweep 
method. The element size of the heat exchanger and the cooling tower was set to be 0.3 m. The mesh 
of the computation domain area is generated using the ANSYS meshing multi-zone method, with the 
element size of 0.5 m. The total number of mesh cells is about 1, 350,000. The grid-independence 
test showed that the deviation of the results is less than 1% when the number of cells is over 1, 300, 
000. 
No-slip and zero heat flux wall boundary condition is applied at the bottom face of the computation 
domain and the shell of the cooling tower. The top face of the computational domain is set as the 
pressure outlet and the velocity inlet boundary condition is used at the side face of the cylinder, with 
the inlet velocity profile defined as: 
 
𝑣cw
𝑣ref
= (
𝑦
𝑦ref
)
0.2
 
                                                         (6-2) 
The radiator model with porous media zone is used to calculated the performance of the air cooled 
heat exchanger of the cooling tower[185]. The heat transfer in the heat exchanger can be presented 
by the following equation: 
 
𝑞 =
?̇?𝑐𝑝∆𝑇
𝐴
= ℎ(𝑇r − 𝑇ao) 
                                                   (6-3) 
where q is the heat flux of the process, ?̇? is the fluid mass flow rate, h is the empirical heat transfer 
coefficient. The empirical heat transfer coefficient h can be specified as the following form 
ℎ = ∑ℎ𝑛𝑣
𝑛−1
3
𝑛=1
 
(6-4) 
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The pressure drop of the heat exchanger can be expressed by the following equation adopting in 
Fluent porous media model 
𝑆𝑖 = −(
𝜇
𝛼
𝑣𝑖 + 𝐶2
1
2
𝜌|𝑣|𝑣𝑗) 
                                                   (6-5) 
where α is the permeability and C2 is the inertial resistance factor.  
According to the data provided by the heat exchanger manufacture, the empirical heat transfer 
coefficient has the following values: h1=21.561, h2=62.41 and h3=-17.152. For the pressure loss 
calculation, the viscous resistance factor 1/α=331211 is obtained and the inertial resistance coefficient 
factor C2=6.328 is used. 
6.2.3 Modelling validation 
In this study, the 3D CFD model was first validated by comparing the results with the 1D cooling 
tower model under no crosswind condition. The deviation between the 1D and 3D models in total 
heat rejection rate [73] and the air mass flow rate are about 1% and 1.3%, respectively. To further 
validate the above CFD methodology, a 1.2m small cooling tower model was developed and 
compared with the experimental results by Yuanshen et al [42]. Figure 6-1 gives the comparison of 
the simulation data and the literature data. The result shows that the modelling result has a good 
agreement with the experimental data of the scaled small NDDCT. 
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Figure 6-1 Comparison between the CFD result and the model experiment 
 
6.3 Water distribution method in NDDCT 
6.3.1 Crosswind effect on the air-cooled heat exchanger  
According to the previous research, crosswind adversely affects the cooling performance of the 
NDDCT by impairing the airflow and the heat transfer process in the cooling tower. Figure 6-2 is the 
pressure contour at the bottom of the horizontal heat exchanger at crosswind speed of 0 m/s and 3 
m/s and the crosswind is aligned with x axis direction. With no crosswind, the airflow in the NDDCT 
is achieved by natural convection and the pressure distribution in this area is almost uniform. 
However, with the appearance of the crosswind, the pressure distribution is dependent on the 
crosswind velocity. Air is accelerated as it passed the cooling tower and reduces the static pressure 
below the windward part of the heat exchanger. A low-pressure area forms at the windward part of 
the cooling tower while a high-pressure area generated at the leeward part of the cooling tower.  
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Figure 6-2 The pressure contour underneath the heat exchanger 
The driving force of the air flow inside the cooling tower is the pressure difference between air inside 
and outside of the cooling tower. So the non-uniform distributed pressure makes the air mass flow 
rate different in each heat exchanger. Figure 6-3 gives the air mass flow rate in each heat exchanger, 
at crosswind speed of 0 m/s, 1 m/s, 2 m/s, 3 m/s, 4 m/s, 5 m/s, respectively. The number on x axis 
expresses the different heat exchanger bundles in the cooling tower. At no crosswind condition, the 
air mass flow in each heat exchanger is almost uniform due to the homogenously distributed pressure. 
Because of the wall shear stress, the air flow resistance at the edge of the cooling tower is slightly 
larger than those in the centre area. Thus, the air mass flow rates of heat exchanger 1, 2, 3, 4, 5, 11, 
12, 18 are slightly smaller than the others. With the influence of the crosswind, the air mass flow 
distribution in the heat exchanger bundles becomes non-uniform. The air mass flow rates of heat 
exchangers located at the leeward direction (bundle number 3, 5, 6, 12, 13) are much larger than those 
located at the windward direction. And because of the high pressure effect produced by the crosswind, 
the air mass flow rates of bundle number 3, 5, 12 are even larger than windless condition. This non-
uniformity of the air flow distribution increases with the rise of the crosswind speed. However, 
because of the reduced air pressure difference, the air mass flow rates of most parts of the cooling 
tower are decreased compared with the windless condition. So the total amount of air flow in the 
cooling tower decreases with the increase in crosswind speed. 
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Figure 6-3 Air mass flow rate distribution under different crosswind speeds 
For air-cooled heat exchangers, most of the heat transfer resistances are located at the air side[186]. 
In the view of this, the mass flow rate of air across the heat exchanger bundles has a significant 
influence on the cooling performance of NDDCTs. The increase of the air mass flow rate leads to a 
higher heat transfer coefficient and a better cooling performance while the decrease of the air flow 
rate does the opposite. As mentioned above, the air mass flow rate of each heat exchanger is different 
under crosswind conditions. This would lead to the different performance of each heat exchanger if 
the hot water supply for each heat exchanger is same. Figure 6-4 is the heat flux contour of the heat 
exchanger bundles at crosswind speed 1 m/s, 2 m/s, 3 m/s and 4 m/s, respectively. It can be seen that 
most of the negative effect of the crosswind on heat exchanger performance is located at the windward 
part and this effect zone expands with the increase of the crosswind speed. 
153 
 
 
Figure 6-4 Heat flux contour of the heat exchanger bundles at different crosswind speed 
6.3.2 Working mechanism of the water distribution method 
For air-cooled heat exchanger, the heat rejection rate can be calculated by the following equations： 
𝑄 = 𝑈𝐴
(𝑇wi − 𝑇ao) − (𝑇wo − 𝑇ai)
ln⁡[
(𝑇wi − 𝑇ao)
(𝑇wo − 𝑇ai)
]
 
                                   (6-6) 
or 
𝑄 = 𝑚a𝑐pa(𝑇ao − 𝑇ai) = 𝑚w𝑐pw(𝑇wi − 𝑇wo)                                 (6-7) 
where U is the overall heat transfer coefficient of the heat exchanger, A is the heat transfer contact 
area, Twi and Two are the inlet and outlet temperature of the water, Tai and Tao are the inlet and outlet 
temperature of the air, ma and mw are the total mass flow rate of the air and the water, cpa and cpw are 
the specific heat of the air and the water. 
 
The overall heat transfer coefficient of the air-cooled heat exchanger can be calculated by Eq. (6-8) 
𝑈𝐴 =
1
1
ℎa𝐴a
+
1
ℎw𝐴w
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(6-8) 
where ha is the air side heat transfer coefficient, Aa is the air side contact area, hw is the water side 
heat transfer coefficient, Aw is the water side contact area 
 
According to the Reynolds number of the water flow in this heat exchanger, the following equations 
are selected to calculate the water side heat transfer coefficient [2, 37]: 
𝑁𝑢 =
(
𝑓D
8 )
(𝑅𝑒w − 1000)𝑃𝑟⁡[1 + (
𝑑
𝐿)
0.67
]
1 + 12.7 (
𝑓D
8 )
0.5
(𝑃𝑟0.67 − 1)
 
(6-9) 
ℎw =
𝑁𝑢𝑘
𝑑
 
(6-10) 
Where 𝑓D is the friction factor inside the tube and can be expressed by the following equation: 
 
𝑓D = 0.3086[log10{
6.9
𝑅𝑒w
+ (
𝜀/𝑑
3.7
)1.11}]−2 
(6-11) 
The air side heat transfer coefficient is provided by the heat exchanger manufacture,  
 
ℎa = −0.0051𝑅𝑒a
2 + 2.149𝑅𝑒a + 355.43                                (6-12) 
 
The effectiveness of a heat exchanger can be defined as the ratio of the actual rate of heat transfer to 
the maximum possible rate of heat transfer[54]. In the air-cooled heat exchanger, the maximum heat 
transfer rate could be obtained when the heat exchanger area is infinite. Under the operation condition 
of this cooling tower, the heat capacity rate of air (macpa) is smaller than the heat capacity of the water 
(mwcpw). Thus the outlet temperature of the air equals the inlet temperature of the hot water when the 
system achieved the maximum heat transfer rate. The effectiveness of the air-cooled heat exchanger 
can be expressed as: 
 
𝑒 =
𝑄
𝑄max
=
𝑐𝑝𝑎(𝑇ao − 𝑇ai)
𝑐𝑝𝑎(𝑇ao,max − 𝑇ai)
=
𝑇ao − 𝑇ai
𝑇wi − 𝑇ai
 
                               (6-13) 
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The heat transfer process of the air cooled heat exchanger can also be expressed as  
𝑑𝑄 = −𝑚w𝑐𝑝w𝑑𝑇w = −𝑚a𝑐𝑝a𝑑𝑇a                                         (6-14) 
From Eq. (6-14) it follows that 
𝑑𝑇w − 𝑑𝑇a = −𝑑𝑄(
1
𝑚w𝑐pw
+
1
𝑚a𝑐pa
) 
(6-15) 
By substituting Eq. (6-15) into Eq. (6-6), find 
ln [
(𝑇wo − 𝑇ao)
(𝑇wi − 𝑇ai)
] = −𝑈𝐴(
1
𝑚w𝑐pw
+
1
𝑚a𝑐pa
) 
(6-16) 
Rewrite Eq. (6-13) with Eq. (6-16) to obtain 
𝑒 =
1 − exp⁡[𝑈𝐴 (
1
𝑚w𝑐pw
+
1
𝑚a𝑐pa
)]
1 +
𝑚a𝑐pa
𝑚w𝑐pw
 
(6-17) 
For this particular heat exchanger, Figure 6-5 presents the change of the effectiveness of the heat 
exchange with the change of the water/air mass flow rate ratio. When the water/air mass flow ratio is 
small, the effectiveness of the heat exchanger increases rapidly with the increase of the water/air mass 
flow ratio. However, the effectiveness of the heat exchanger varies little when the water/air mass flow 
ratio is larger enough. In other words, for a given air mass flow rate, the performance of the air-cooled 
heat exchanger boosts quickly with increase of the water mass flow rate at first. But it almost doesn’t 
change when the water mass flow rate is large enough. In that case, the hot water is “too much” for 
the heat exchanger. This is because for air-cooled heat exchanger, the air side contributes most of the 
heat transfer resistance. The variation of the water mass flow rate has little influence on the 
performance of the heat exchanger when water/air mass flow rate is large enough.  
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Figure 6-5 The performance of the heat exchanger is different water/air mass flow ratio 
 
Under the normal operation of the NDDCT, the hot water mass flow rate is the same in each heat 
exchanger. When there is no crosswind, the water/air flow ratio is almost uniform in each heat 
exchanger because of the homogeneous distribution of the air flow. However, with the occurrence of 
crosswind, the air mass flow rates of the windward part of the cooling tower are decreased, which 
caused higher water/air flow ratios in these heat exchangers. An opposite situation could be found in 
the leeward parts, where the water/air mass flow ratios decreased with the increase of the air mass 
flow rate. Under uniform distributed hot water operation condition, the hot water is not effectively 
used. 
 
In order to get a better cooling performance, the cold air and the hot water in the air cooled heat 
exchanger should be better matched. The hot water mass flow rate can be optimized by the following 
equation: 
𝑚𝑤,𝑖
′ =
𝑚a,𝑖
∑ 𝑚a,𝑖
18
𝑖=1
×𝑚w 
(18) 
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where 𝑚w,𝑖 is the hot water mass flow rate of each heat exchanger, 𝑚a,𝑖 is the air mass flow rate of 
each heat exchanger, 𝑚w is the total hot water mass flow rate. 
By applying this method, the water mass flow rate distribution is dependent on air flow distribution 
in the cooling tower. For a single heat exchanger bundle, more cold air flow through the bundle, more 
hot water is distributed. Under a given crosswind condition, the air flow distribution and the total air 
flow in the cooling tower can be assumed to be constant. With the water mass flow optimization, the 
water/air mass flow ratio under crosswind is adjusted to be constant in all of the heat exchanger 
bundles. Eq. (6-19) expresses the optimized water/air mass flow ratio. 
𝑟𝑜𝑝𝑡,𝑖 =
𝑚𝑤,𝑖
′
𝑚𝑎,𝑖
=
𝑚w
∑ 𝑚a,𝑖
18
𝑖=1
 
(6-19) 
6.4 Result and discussion 
Table 6-1 gives the water/air mass flow ratio of each heat exchanger bundle when the crosswind 
speed varies from 1 m/s to 5 m/s. According to the simulation result, under low crosswind speed (less 
than 1m/s), the effect of the crosswind is limited and the difference of the water/air mass flow ratio 
is small. However, with the increase of the crosswind, air flow distribution inside the cooling tower 
becomes more and more un-uniform. The water/air mass flow ratios of the heat exchangers located 
at the windward part become larger while those located at the leeward part become smaller. Most 
heat exchanger bundles of cooling tower would not be working at the optimal condition when 
crosswind gets larger than 3 m/s. 
Table 6-1 Water/air mass flow ratio of each heat exchanger bundle 
Heat exchanger  
bundle number 
mw/ma at 
vcw=1 m/s 
mw/ma at 
vcw=2 m/s 
mw/ma at 
vcw=3 m/s 
mw/ma at 
vcw=4m/s 
mw/ma at 
vcw=5m/s 
1 0.19 0.21 0.29 0.57 4.75 
2 0.19 0.21 0.29 0.57 5.42 
3 0.15 0.14 0.11 0.09 0.09 
4 0.25 0.89 0.67 0.46 0.37 
5 0.16 0.15 0.12 0.11 0.15 
6 0.16 0.16 0.14 0.16 0.39 
7 0.17 0.17 0.16 0.36 2.67 
8 0.17 0.18 0.24 2.14 1.41 
9 0.18 0.19 0.72 1.83 0.77 
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10 0.19 0.23 2.41 0.92 0.57 
11 0.21 0.35 0.90 0.63 0.44 
12 0.16 0.15 0.12 0.11 0.15 
13 0.16 0.16 0.14 0.16 0.37 
14 0.17 0.17 0.16 0.35 2.23 
15 0.17 0.18 0.23 1.93 1.75 
16 0.18 0.19 0.66 1.86 0.93 
17 0.19 0.23 2.74 0.92 0.67 
18 0.22 0.35 0.90 0.62 0.50 
 
Using the optimization method in section 6.3, the hot water mass flow rate in each heat exchangers 
can be re-distributed. For given crosswind speed, the same amount of water per unit of air is ensured. 
The optimal water/air mass flow ratio of each heat exchanger were 0.18, 0.19, 0.24, 0.30 and 0.40 
when crosswind speed is 1 m/s, 2 m/s, 3 m/s, 4 m/s and 5 m/s, respectively. Because of the negative 
effect of the crosswind on the air flow of the NDDCT, the total amount of air flow in the cooling 
tower decreased with the increase of the crosswind speed. On the other hand, the total hot water mass 
flow supply for the cooling tower is not change. So the optimal water/air mass flow ratio increase 
with the increase in crosswind speed.  
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Figure 6-6 Hot water outlet temperature distribution in each heat exchanger 
Figure 6-6 shows the hot water outlet temperature distribution of the 18 heat exchanger bundles when 
the crosswind speed is 4 m/s, with and without the water distribution method. If the water flow rates 
in different heat exchangers are not optimized and redistributed as suggested in this paper, the inlet 
water mass flow rate and temperature are the same for each heat exchanger but with different air mass 
flow rate across the heat exchanger due to the crosswind effect. For those bundles with lower air mass 
flow rate, less heat was rejected which results in a higher outlet water temperature. The water in the 
bundles located at the windward part (8, 9, 10, 11, 15, 16, 17, 18) is obviously hotter than others and 
an average hot water outlet temperature of 45℃ is achieved. Since the ambient temperature is 25℃ 
in this case, there still is a large temperature difference between the hot water and the ambient air. In 
contrast, the hot fluid and the cold fluid of the air-cooled heat exchanger are better matched with the 
water distribution method. While the total amount of the water supply is fixed, the heat exchangers 
located at the leeward part get more hot water and those located in the windward part get less hot 
water. Thus, hot water temperature is more uniform and result in a smaller entropy generation and a 
better overall cooling tower performance[127].  
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Figure 6-7 Heat rejection comparison of each heat exchanger 
Figure 6-7 is the heat rejection rate of each heat exchanger bundle under crosswind speed 4 m/s, with 
and without the water mass flow rate adjustment. For the heat exchangers located at the windward 
part of the cooling tower (No. 1, 2, 4, 7, 8, 9, 10, 11, 14, 15, 16, 17, 18), the heat rejection rate 
decreases slightly after the optimization while for those located at the leeward part (No, 3, 5, 6, 12, 
13), heat rejection rate increases significantly. As presented by Table 6-1, the water/air mass flow 
ratios of the heat exchangers located at the windward part are much larger than 0.4. According to 
Figure 6-5, the influence of hot water mass flow rate to the heat exchanger performance is small when 
water/air mass flow ratio is large enough. So the performances decrease little after the adjustment. 
On the other hand, for the heat exchangers located at the leeward part of the cooling tower, the 
water/air flow ratios are small. The increase of the water mass flow rate could lead in a significant 
enhancement of the heat rejection rate. Table 6-2 gives the performance comparison between the two 
heat exchangers located at the windward and leeward part of the cooling tower (heat exchanger No.15 
and heat exchanger No.3). After adopting the water distribution method, the water/air mass flow ratio 
of heat exchanger No.15 decreased from 1.93 to 0.30. But the heat rejection rate of this heat exchanger 
only decreased by 9.1%. However, for exchanger No.3, with the water/air mass flow ratio increased 
from 0.09 to 0.3, the cooling performance increased by 67%. 
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Table 6-2 The performance comparison of two heat exchangers when crosswind is 4 m/s 
Parameters 
Heat exchanger No.15 Heat exchanger No.3 
Without OPT With OPT Without OPT With OPT 
mw, i (kg/s) 0.80 0.12 0.80 2.68 
mw,i / ma, i (kg/s) 1.93 0.30 0.09 0.30 
Two, i (℃) 49.32 32.15 27.5 40.34 
Q (kW) 11.55 10.5 84.35 141.18 
  
 
Figure 6-8 Overall cooling performance of NDDCT with and without the water distribution 
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Figure 6-9 Average water outlet temperature of NDDCT with and without the water distribution 
 
Figure 6-8 and Figure 6-9 show the overall cooling performance of NDDCT and the average water 
outlet temperature of all the heat exchangers under different crosswind conditions, with and without 
the water distribution method. The optimization of the hot water mass flow rate can increase the total 
heat rejection rate of the NDDCT by 1%, 3%, 12.9%, 18.5% and 17.3% and decrease the water outlet 
temperature by 0.05℃, 0.58℃, 2.01℃, 2.34℃, 1.82℃⁡when crosswind speed is 1 m/s, 2 m/s, 3 m/s, 
4 m/s and 5 m/s, respectively. The water distribution optimization can effectively relieve the adverse 
influence of crosswind on tower thermal performance. 
According to the previous research, the NDDCTs including both big towers and small towers suffered 
the uneven air flow distribution under the crosswind condition. So the technology can be applied on 
both big towers and small towers. For small cooling tower like the Gatton tower, the water mass flow 
rate in each heat exchanger bundle can be controlled by the proportional control valves and air mass 
flow rate can be monitored by installing the air flow anemometer in different places of the cooling 
tower. On the other hand, for big NDDCTs the heat exchanger bundles can be divided into several 
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different sections. The water mass flow rate in each section can be controlled by using the variable 
speed water pump.  
6.5 Conclusion 
Based on the working mechanism of the air-cooled heat exchanger and the crosswind effect on the 
NDDCT, this study proposed a new method to increase the cooling performance of NDDCT under 
crosswind conditions by optimizing the water mass flow rate in the air-cooled heat exchangers. 
According to the numerical result, the crosswind leads to a non-uniform air flow distribution inside 
the cooling tower and results in a non-optimal water/mass flow ratio. By applying the water 
distribution method proposed in this study, the water outlet temperature of each heat exchanger is 
more uniform and the total cooling tower performance is increased. The performance of the cooling 
tower can be improved by 1%, 3%, 12.9%, 18.5% and 17.3% when crosswind speed is 1 m/s, 2 m/s, 
3 m/s, 4 m/s and 5 m/s, respectively. This technology could effectively relieve the adversely influence 
of crosswind on natural draft dry cooling tower thermal performance.  
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Chapter 7 Conclusion and future work 
 
7.1 Summary 
This thesis presents comprehensive numerical and experimental studies carried out on a 20 m 
NDDCT designed for small scale CST power plants.  
The 1-D analytical and a 3-D CFD models of this cooling tower are developed and the cooling 
performance is investigated at different ambient temperatures, inlet water temperatures and crosswind 
speeds. Simulation results show that both hot ambient temperature and crosswind have negative effect 
on the performance of small NDDCT. 
The performance of this cooling tower was tested under different ambient temperatures, different heat 
loads and different water mass flow rates. Based on the experimental data, the cooling tower 1D 
numerical model is refined and validated. A thermodynamic model of a 1-MW CST power plant with 
supercritical CO2 power cycle is developed and integrated with the cooling tower model. The 
influences of changing ambient temperature on efficiency of the power system are simulated.  
The crosswind effect on the small NDDCT was experimentally studied. The detailed experimental 
data of air temperature distribution inside and outside of the cooling tower and the cooling 
performance are given at different wind speeds. The complex impact of the crosswind on cooling 
tower performance is demonstrated by the experimental data. Unlike tall cooling towers used in large 
conventional plants, the overall cooling tower performance does not monotonously decrease with the 
increase of the crosswind speed. In fact, after the tower performance drops to its lowest level at a 
wind speed around 5 m/s, the trend is reversed and further increases in the crosswind speed help the 
tower performance. Analysis shows that this reversal occurs because the tower heat transfer 
mechanism changes. As crosswind rises above the critical speed, the airflow inside the cooling tower 
becomes increasingly controlled by the crosswind instead of the natural draft.  
A specific cooling issue for small NDDCT, the cold inflow, is identified. Several events of cold air 
incursion into the top of the cooling tower are measured and the detailed experimental data are 
presented. The water outlet temperature of the cooling tower has increased by as much as to 3°C in 
these tests because of the cold inflow effect. The mechanism and the solution of the cold inflow are 
discussed based on the experimental data.  
165 
 
Based on the numerical and experimental study of the crosswind effect, a new crosswind mitigation 
method is proposed. Under the crosswind condition, the uniform airflow inside the cooling tower is 
destroyed, which result in a non-uniform heat exchanger performance. The general idea of this 
method is to adjust the hot water mass flow rate in different areas of the cooling tower to better match 
the cooling air. If a heat exchanger bundle in the NDDCT is receiving more air due to the crosswind, 
more hot water is distributed to that area. By optimizing the hot water mass flow rate among the heat 
exchanger bundles, the cold fluids and hot fluids of the air-cooled heat exchanger can be better 
matched. The cooling performance of the NDDCT is increased by 18% when the crosswind speed is 
4 m/s.  
7.2 Main contributions 
The main contributions of this thesis are: 
 A set of cooling tower modelling methods has been developed, refined and validated with the 
full-scale experimental data. This could provide guidelines for steady state simulation of the 
NDDCT. 
 A 20 m high experimental NDDCT with an extensive instrumentation system is established. 
The performance of this cooling tower under different ambient conditions are tested and the 
feasibility of the small NDDCT in a sCO2 CST power plant is discussed. 
 Detailed experimental data of the crosswind effect on the small NDDCT are presented. The 
performance is found to be different from the conventional big cooling tower. The mixed 
convection and Richardson number are adopted to analyse the mechanism. 
 Cold inflow is an unfavourable factor to the performance of NDDCT. For small NDDCT, 
where the vertical velocity is slower, this effect should be paid more attention in the cooling 
tower design. 
 The water distribution method is proposed to deal with the crosswind issue. By adopting this 
method, the negative effect of the crosswind can be effectively relieved. 
 
7.3 Recommendations for future work: 
1. The optimum cooling system selection for sCO2 Brayton cycle 
Due to the non-linear physical properties of the CO2 near the critical point, the performance 
of the cooling tower is not linearly related to the system performance. For example, in Chapter 
4, we found that at low ambient temperature condition (below 15oC), the thermal efficiency 
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of the power cycle is nearly independent with the cooling tower performance and is different 
from the conventional Rankine cycle. Therefore, the specific design and the optimization of 
cooling system for sCO2 Brayton cycle is required. 
 
2. Full-scale tests of the advanced cooling tower technologies 
As reviewed in Chapter 2, a number of methods are proposed to deal with crosswind effect. 
However, most of these methods are based on the computer simulations or Lab-scale tests. 
Very few full-scale tests of these methods are reported. The experimental data of these 
methods on full-scale cooling tower is worthy. 
 
3. The combination of the air side and water side optimization to enhance the cooling tower 
performance under crosswind condition 
Windbreak wall and water distribution method are effective measures to relieve the negative 
effect of the crosswind. However, it has been demonstrated that for NDDCTs with windbreak 
wall and working under crosswind condition, the performance of certain part of the cooling 
tower is extremely better than the others. Therefore, the overall performance of the cooling 
tower can be further enhanced if the water distribution method is also applied in such cases. 
However, the combination of the windbreak wall and water distribution method is rarely 
applied in the open literature. 
 
  
167 
 
References 
[1] C.E. Council, Clean energy Australia report 2014, (2015). 
[2] H. Gurgenci, Supercritical CO2 Cycles Offer Experience Curve Opportunity to CST in Remote 
Area Markets, Energy Procedia, 49 (2014) 1157-1164. 
[3] Y.A. Çengel, M.A. Boles, M. Kanoğlu, Thermodynamics: an engineering approach, McGraw-
Hill, London; Singapore, 2011. 
[4] D.G. Kröger, Air-cooled heat exchangers and cooling towers, Pennwell Corp, Tulsa, Okl, 2004. 
[5] H. Gurgenci, Z. Guan, Dirigible natural draft cooling tower in geothermal and solar power plant 
applications, in:  Proceedings of 14th IAHR International Conference on Cooling Tower and Air-
Cooled Heat Exchangers, Stellenbosch, 2009. 
[6] Y. Lu, Small natural draft dry cooling towers for renewable power plants, in, Vol. 
Dissertation/Thesis, The University of Queensland, School of Mechanical and Mining Engineering, 
2015. 
[7] I.E. Agency(IEA), Renewable Energy Essentials: Concentrating Solar Thermal Power, in, 
http://www.iea.org/, 2009. 
[8] M.J. Blanco, S. Miller, 1 - Introduction to concentrating solar thermal (CST) technologies, in: M.J. 
Blanco, L.R. Santigosa (eds.) Advances in Concentrating Solar Thermal Research and Technology, 
Woodhead Publishing, 2017, pp. 3-25. 
[9] M. Orosz, R. Dickes, 16 - Solar thermal powered Organic Rankine Cycles, in: E. Macchi, M. 
Astolfi (eds.) Organic Rankine Cycle (ORC) Power Systems, Woodhead Publishing, 2017, pp. 569-
612. 
[10] I. Sarbu, C. Sebarchievici, Chapter 7 - Solar Thermal-Driven Cooling Systems, in: I. Sarbu, C. 
Sebarchievici (eds.) Solar Heating and Cooling Systems, Academic Press, 2017, pp. 241-313. 
[11] V. Dostal, M.J. Driscoll, P. Hejzlar, A supercritical carbon dioxide cycle for next generation 
nuclear reactors, in, Massachusetts Institute of Technology, Department of Nuclear Engineering, 
2004. 
[12] C.S. Turchi, Z. Ma, T.W. Neises, M.J. Wagner, Thermodynamic Study of Advanced 
Supercritical Carbon Dioxide Power Cycles for Concentrating Solar Power Systems, Journal of Solar 
Energy Engineering 135 (2013) 041007-041007-041007. 
[13] S.M. Besarati, D.Y. Goswami, 8 - Supercritical CO2 and other advanced power cycles for 
concentrating solar thermal (CST) systems, in: M.J. Blanco, L.R. Santigosa (eds.) Advances in 
Concentrating Solar Thermal Research and Technology, Woodhead Publishing, 2017, pp. 157-178. 
168 
 
[14] H.-H. Zhu, K. Wang, Y.-L. He, Thermodynamic analysis and comparison for different direct-
heated supercritical CO2 Brayton cycles integrated into a solar thermal power tower system, Energy, 
140 (2017) 144-157. 
[15] K. Wang, Y.-L. He, H.-H. Zhu, Integration between supercritical CO2 Brayton cycles and molten 
salt solar power towers: A review and a comprehensive comparison of different cycle layouts, 
Applied Energy 195 (2017) 819-836. 
[16] G.B. Hill, E.J. Pring, P.D. Osborn, Cooling towers: principles and practice, Butterworth-
Heinemann, London ; Boston, 1990. 
[17] G.F. Hundy, A.R. Trott, T.C. Welch, Chapter 6 - Condensers and Cooling Towers, in:  
Refrigeration, Air Conditioning and Heat Pumps (Fifth Edition), Butterworth-Heinemann, 2016, pp. 
99-120. 
[18] K. Hooman, Z. Guan, H. Gurgenci, 9 - Advances in dry cooling for concentrating solar thermal 
(CST) power plants A2 - Blanco, Manuel J, in: L.R. Santigosa (ed.) Advances in Concentrating Solar 
Thermal Research and Technology, Woodhead Publishing, 2017, pp. 179-212. 
[19] G. Shu, P. Liu, H. Tian, X. Wang, D. Jing, Operational profile based thermal-economic analysis 
on an Organic Rankine cycle using for harvesting marine engine’s exhaust waste heat, Energy 
Conversion and Management 146 (2017) 107-123. 
[20] G. Shu, X. Wang, H. Tian, P. Liu, D. Jing, X. Li, Scan of working fluids based on dynamic 
response characters for Organic Rankine Cycle using for engine waste heat recovery, Energy, 133 
(2017) 609-620. 
[21] H.W. Stanford Iii, HVAC Water Chillers and Cooling Towers Fundamentals, Application, and 
Operation, Second Edition, 2nd ed.. ed., Baton Rouge : CRC Press, Baton Rouge, 2011. 
[22] M. Ndlovu, T. Majozi, Design and Optimisation of Power Plant Utility Systems, 2014. 
[23] A. Bahadori, Cooling Tower and Cooling Water Circuits, Elsevier, 2016. 
[24] S. He, Performance improvement of natural draft dry cooling towers using wetted-medium 
evaporative pre-cooling, in, Vol. Dissertation/Thesis, The University of Queensland, School of 
Mechanical and Mining Engineering, 2015. 
[25] S. Duniam, H. Gurgenci, Annual performance variation of an EGS power plant using an ORC 
with NDDCT cooling, Applied Thermal Engineering 105 (2016) 1021-1029. 
[26] Z. Zou, Z. Guan, H. Gurgenci, Y. Lu, Solar enhanced natural draft dry cooling tower for 
geothermal power applications, Solar Energy 86 (2012) 2686-2694. 
[27] K. Hooman, Dry cooling towers as condensers for geothermal power plants, International 
Communications in Heat and Mass Transfer 37 (2010) 1215-1220. 
169 
 
[28] H. Deng, R.F. Boehm, An estimation of the performance limits and improvement of dry cooling 
on trough solar thermal plants, Applied Energy 88 (2011) 216-223. 
[29] L. Pistocchini, M. Motta, Feasibility Study of an Innovative Dry-Cooling System With Phase-
Change Material Storage for Concentrated Solar Power Multi-MW Size Power Plant, Journal of Solar 
Energy Engineering (Transactions of the ASME), 133 (2011). 
[30] A. Liqreina, L. Qoaider, Dry cooling of concentrating solar power (CSP) plants, an economic 
competitive option for the desert regions of the MENA region, Solar Energy 103 (2014) 417-424. 
[31] Z. Guan, K. Hooman, H. Gurgenci, Dry cooling towers for geothermal power plants, Alternative 
Energy and Shale Gas Encyclopedia, (2016) 333-349. 
[32] D. Walraven, B. Laenen, W. D’haeseleer, Minimizing the levelized cost of electricity production 
from low-temperature geothermal heat sources with ORCs: Water or air cooled?, Applied Energy 142 
(2015) 144-153. 
[33] W.M. Kays, A.L. London, Compact heat exchangers / W.M. Kays, A.L. London, Repr. ed. 1998 
with corrections.. ed., Malabar, Fla. : Krieger Pub. Co., Malabar, Fla., 1998. 
[34] S. He, H. Gurgenci, Z. Guan, X. Huang, M. Lucas, A review of wetted media with potential 
application in the pre-cooling of natural draft dry cooling towers, Renewable and Sustainable Energy 
Reviews 44 (2015) 407-422. 
[35] Z. Zou, Z. Guan, H. Gurgenci, Optimization design of solar enhanced natural draft dry cooling 
tower, Energy Conversion and Management 76 (2013) 945-955. 
[36] M.D. Su, G.F. Tang, S. Fu, Numerical simulation of fluid flow and thermal performance of a 
dry-cooling tower under cross wind condition, Journal of Wind Engineering and Industrial 
Aerodynamics 79 (1999) 289-306. 
[37] Y. Zhao, F. Sun, Y. Li, G. Long, Z. Yang, Numerical study on the cooling performance of natural 
draft dry cooling tower with vertical delta radiators under constant heat load, Applied Energy 149 
(2015) 225-237. 
[38] L.J. Yang, X.P. Wu, X.Z. Du, Y.P. Yang, Dimensional characteristics of wind effects on the 
performance of indirect dry cooling system with vertically arranged heat exchanger bundles, 
International Journal of Heat and Mass Transfer 67 (2013) 853-866. 
[39] R. Al-Waked, M. Behnia, The performance of natural draft dry cooling towers under crosswind: 
CFD study, International Journal of Energy Research 28 (2004) 147-161. 
[40] X. Li, S. Duniam, H. Gurgenci, Z. Guan, A. Veeraragavan, Full scale experimental study of a 
small natural draft dry cooling tower for concentrating solar thermal power plant, Applied Energy 
193 (2017) 15-27. 
170 
 
[41] M. Gao, F.-z. Sun, A. Turan, Experimental study regarding the evolution of temperature profiles 
inside wet cooling tower under crosswind conditions, International Journal of Thermal Sciences 86 
(2014) 284-291. 
[42] Y. Lu, Z. Guan, H. Gurgenci, K. Hooman, S. He, D. Bharathan, Experimental study of crosswind 
effects on the performance of small cylindrical natural draft dry cooling towers, Energy Conversion 
and Management 91 (2015) 238-248. 
[43] Y. Lu, Z. Guan, H. Gurgenci, A. Alkhedhair, S. He, Experimental investigation into the positive 
effects of a tri-blade-like windbreak wall on small size natural draft dry cooling towers, Applied 
Thermal Engineering 105 (2016) 1000-1012. 
[44] A. Du Preez, D. Kroger, Experimental investigation into the influence of cross-winds on the 
performance of dry-cooling towers, Research and Development Journal, South African Institution of 
Mechanical Engineers, 9 (1993) 1-11. 
[45] Q.-d. Wei, B.-y. Zhang, K.-q. Liu, X.-d. Du, X.-z. Meng, A study of the unfavorable effects of 
wind on the cooling efficiency of dry cooling towers, Journal of Wind Engineering and Industrial 
Aerodynamics 54–55 (1995) 633-643. 
[46] Z. Zhai, S. Fu, Improving cooling efficiency of dry-cooling towers under cross-wind conditions 
by using wind-break methods, Applied Thermal Engineering 26 (2006) 1008-1017. 
[47] C.C.-M. Chu, R.K.-H. Chu, M.M. Rahman, Experimental study of cold inflow and its effect on 
draft of a chimney, Advanced Computational Methods and Experiments in Heat Transfer XII, WIT 
Transactions on Engineering Sciences, 75 (2012) 73-82. 
[48] A.A.N. Mohammad Hassan Kayhani, Mojtaba Khaksar, Experimental study of the flue gas 
injection to improve the natural draft cooling tower performance under crosswind, in:  International 
Conference on Mechanical, Automobile and Robotics Engineering Penang, Malaysia, 2012. 
[49] A.F. Du Preez, The influence of cross-winds on the performance of natural draft dry-cooling 
towers, in, Stellenbosch: University of Stellenbosch, 1992. 
[50] W. Asvapoositkul, S. Treeutok, A simplified method on thermal performance capacity 
evaluation of counter flow cooling tower, Applied Thermal Engineering, 38 (2012) 160-167. 
[51] J.C. Kloppers, D.G. Kroger, Cooling tower performance evaluation: Merkel, poppe, and e-NTU 
methods of analysis, Journal of Engineering for Gas Turbines and Power-Transactions of the Asme, 
127 (2005) 1-7. 
[52] J.C. Kloppers, D.G. Kroger, A critical investigation into the heat and mass transfer analysis of 
counterflow wet-cooling towers, International Journal of Heat and Mass Transfer, 48 (2005) 765-777. 
171 
 
[53] M. Serna-Gonzalez, J.M. Ponce-Ortega, A. Jimenez-Gutierrez, MINLP optimization of 
mechanical draft counter flow wet-cooling towers, Chemical Engineering Research & Design, 88 
(2010) 614-625. 
[54] Y.A. Çengel, A.J. Ghajar, Heat and mass transfer: fundamentals & applications, McGraw-Hill, 
New York, N. Y, 2015. 
[55] C.P. Kothandaraman, Fundamentals of Heat and Mass Transfer, New Age International, 2006. 
[56] Y. Lu, Z. Guan, H. Gurgenci, Z. Zou, Windbreak walls reverse the negative effect of crosswind 
in short natural draft dry cooling towers into a performance enhancement, International Journal of 
Heat and Mass Transfer 63 (2013) 162-170. 
[57] Y.B. Zhao, G. Long, F. Sun, Y. Li, C. Zhang, Numerical study on the cooling performance of 
dry cooling tower with vertical two-pass column radiators under crosswind, Applied Thermal 
Engineering 75 (2015) 1106-1117. 
[58] Y. Wang, K. Williams, M. Jones, B. Chen, CFD Simulation Methodology for Gas-solid Flow in 
Bypass Pneumatic Conveying - A Review, Applied Thermal Engineering  
[59] H.R. Norouzi, R. Zarghami, R. Sotudeh-Gharebagh, N. Mostoufi, Coupled CFD-DEM Modeling 
Formulation, Implementation and Application to Multiphase Flows, Newark : Wiley, Newark, 2016. 
[60] T. Jin, L. Zhang, K. Luo, J.R. Fan, Three-dimensional Numerical Study on Thermal Performance 
of a Super Large Natural Draft Cooling Tower of 220m Height, Journal of Thermal Science, 22 (2013) 
234-241. 
[61] R. Al-Waked, M. Behnia, CFD simulation of wet cooling towers, Applied Thermal Engineering, 
26 (2006) 382-395. 
[62] N. Williamson, S. Armfield, M. Behnia, Numerical simulation of flow in a natural draft wet 
cooling tower The effect of radial thermofluid fields, Applied Thermal Engineering, 28 (2008) 178-
189. 
[63] Y.B. Zhao, F.Z. Sun, M. Gao, K. Wang, Three-dimensional numerical analysis of wet cooling 
tower, Isnd 2007: Proceedings of the 2007 International Symposium on Nonlinear Dynamics, Pts 1-
4, 96 (2008). 
[64] R. Al-Waked, Crosswinds effect on the performance of natural draft wet cooling towers, 
International Journal of Thermal Sciences 49 (2010) 218-224. 
[65] L. Xia, H. Gurgenci, D.Y. Liu, Z.Q. Guan, L. Zhou, P. Wang, CFD analysis of pre-cooling water 
spray system in natural draft dry cooling towers, Applied Thermal Engineering, 105 (2016) 1051-
1060. 
172 
 
[66] A. Alkhedhair, H. Gurgenci, I. Jahn, Z. Guan, S. He, Numerical simulation of water spray for 
pre-cooling of inlet air in natural draft dry cooling towers, in, Vol. 61, 2013, pp. 416-424. 
[67] J. Tissot, P. Boulet, F. Trinquet, L. Fournaison, H. Macchi-Tejeda, Air cooling by evaporating 
droplets in the upward flow of a condenser, International Journal of Thermal Sciences, 50 (2011) 
2122-2131. 
[68] Y. Zhao, G. Long, F. Sun, Y. Li, C. Zhang, J. Liu, Effect mechanism of air deflectors on the 
cooling performance of dry cooling tower with vertical delta radiators under crosswind, Energy 
Conversion and Management 93 (2015) 321-331. 
[69] H.T. Liao, L.J. Yang, X.Z. Du, Y.P. Yang, Influences of height to diameter ratios of dry-cooling 
tower upon thermo-flow characteristics of indirect dry cooling system, International Journal of 
Thermal Sciences 94 (2015) 178-192. 
[70] X.P. Wu, L.J. Yang, X.Z. Du, Y.P. Yang, Flow and heat transfer characteristics of indirect dry 
cooling system with horizontal heat exchanger A-frames at ambient winds, International Journal of 
Thermal Sciences 79 (2014) 161-175. 
[71] L.J. Yang, L. Chen, X.Z. Du, Y.P. Yang, Effects of ambient winds on the thermo-flow 
performances of indirect dry cooling system in a power plant, International Journal of Thermal 
Sciences 64 (2013) 178-187. 
[72] ANSYS® Academic Research, Release 16.2, in, ANSYS, Inc, 2014. 
[73] X. Li, Z. Guan, H. Gurgenci, Y. Lu, S. He, Simulation of the UQ Gatton natural draft dry cooling 
tower, Applied Thermal Engineering 105 (2016) 1013-1020. 
[74] Y. Lu, H. Gurgenci, Z. Guan, S. He, The influence of windbreak wall orientation on the cooling 
performance of small natural draft dry cooling towers, International Journal of Heat and Mass 
Transfer 79 (2014) 1059-1069. 
[75] L. Forgo, Dry cooling for power stations, IEEE Transactions on Power Apparatus and Systems, 
(1979) 1099-1103. 
[76] A.F. du Preez, D.G. Kröger, The effect of the heat exchanger arrangement and wind-break walls 
on the performance of natural draft dry-cooling towers subjected to cross-winds, Journal of Wind 
Engineering and Industrial Aerodynamics 58 (1995) 293-303. 
[77] X. Li, L. Xia, H. Gurgenci, Z. Guan, Performance enhancement for the natural draft dry cooling 
tower under crosswind condition by optimizing the water distribution, International Journal of Heat 
and Mass Transfer 107 (2017) 271-280. 
[78] A. Vosough, A. Falahat, S. Vosough, Improvement power plant efficiency with condenser 
pressure, (2011). 
173 
 
[79] X. Li, H. Gurgenci, Z. Guan, X. Wang, S. Duniam, Measurements of crosswind influence on a 
natural draft dry cooling tower for a solar thermal power plant, Applied Energy 206 (2017) 1169-
1183. 
[80] R. Al-Waked, M. Behnia, The effect of windbreak walls on the thermal performance of natural 
draft dry cooling towers, Heat Transfer Engineering, 26 (2005) 50-62. 
[81] W. Wang, H. Zhang, P. Liu, Z. Li, J. Lv, W. Ni, The cooling performance of a natural draft dry 
cooling tower under crosswind and an enclosure approach to cooling efficiency enhancement, 
Applied Energy 186, Part 3 (2017) 336-346. 
[82] M. Ardekani, F. Farhani, M. Mazidi, M. Ranjbar, Study of degradation of dry cooling tower 
performance under wind conditions and method for tower efficiency enhancement, International 
Journal of Engineering-Transactions C: Aspects, 28 (2014) 460. 
[83] H. Gu, H. Wang, Y. Gu, J. Yao, A numerical study on the mechanism and optimization of wind-
break structures for indirect air-cooling towers, Energy Conversion and Management 108 (2016) 43-
49. 
[84] M. Ardekani, F. Farhani, M. Mazidi, Effects of cross wind conditions on efficiency of heller dry 
cooling tower, Experimental Heat Transfer, 28 (2015) 344-353. 
[85] M. Goodarzi, R. Keimanesh, Heat rejection enhancement in natural draft cooling tower using 
radiator-type windbreakers, Energy Conversion and Management 71 (2013) 120-125. 
[86] K. Hooman, Theoretical prediction with numerical and experimental verification to predict 
crosswind effects on the performance of cooling towers, Heat Transfer Engineering, 36 (2015) 480-
487. 
[87] H. Ma, F. Si, L. Li, W. Yan, K. Zhu, Effects of ambient temperature and crosswind on thermo-
flow performance of the tower under energy balance of the indirect dry cooling system, Applied 
Thermal Engineering 78 (2015) 90-100. 
[88] H. Ma, F. Si, Y. Kong, K. Zhu, W. Yan, A new theoretical method for predicating the part-load 
performance of natural draft dry cooling towers, Applied Thermal Engineering 91 (2015) 1106-1115. 
[89] Y. Lu, Z. Guan, H. Gurgenci, Z. Zou, Windbreak walls reverse the negative effect of crosswind 
in short natural draft dry cooling towers into a performance enhancement, International Journal of 
Heat and Mass Transfer 63 (2013) 162-170. 
[90] C. Yang, J. Xu, X. Wang, W. Zhang, Mixed convective flow and heat transfer of supercritical 
CO2 in circular tubes at various inclination angles, International Journal of Heat and Mass Transfer 
64 (2013) 212-223. 
174 
 
[91] A.E. Feili Monfared, A. Sarrafi, S. Jafari, M. Schaffie, Thermal flux simulations by lattice 
Boltzmann method; investigation of high Richardson number cross flows over tandem square 
cylinders, International Journal of Heat and Mass Transfer 86 (2015) 563-580. 
[92] F. Tang, L.J. Li, M.S. Dong, Q. Wang, F.Z. Mei, L.H. Hu, Characterization of buoyant flow 
stratification behaviors by Richardson (Froude) number in a tunnel fire with complex combination of 
longitudinal ventilation and ceiling extraction, Applied Thermal Engineering 110 (2017) 1021-1028. 
[93] M. Gao, F.-Z. Sun, N.-N. Wang, Y.-B. Zhao, Experimental research on circumferential inflow 
air and vortex distribution for wet cooling tower under crosswind conditions, Applied Thermal 
Engineering 64 (2014) 93-100. 
[94] S.-A. Zhao, M.-R. Wang, L.-J. Li, C.-Q. Du, Effect of Cross Wind on Performances of Natural 
Draft Counterflow Cooling Tower Outlet, Heat Transfer Engineering, 38 (2017) 1108-1116. 
[95] L. Zhang, F. Sun, M. Gao, Experimental research for preventive method against crosswind effect 
on airflow at outlet to enhance thermal performance of large cooling tower, in:  17th IAHR 
International Conference on Cooling Tower and Heat Exchanger, Gold Coast, Queensland, Australia, 
2015, pp. 7-11. 
[96] R. Al-Waked, M. Behnia, Numerical modeling and validation of natural draught cooling towers 
under crosswind, in:  Proceedings of the 12th IAHR Symposium in Cooling Tower and Heat 
Exchangers, Sydney, Australia, 2001. 
[97] Z. Zhao, J. Shi, The effect of horizontal wind on the performance of natural draught cooling 
towers, Journal of Hydraulic Engineering, 11 (1985) 15-25. 
[98] M. Gao, F.-z. Sun, K. Wang, Y.-t. Shi, Y.-b. Zhao, Experimental research of heat transfer 
performance on natural draft counter flow wet cooling tower under cross-wind conditions, 
International Journal of Thermal Sciences 47 (2008) 935-941. 
[99] G.M. Amur, Experimental study of wind effects on the airflow of natural draft wet cooling towers, 
in:  7th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics, Antalya, 
Turkey, 2010. 
[100] P.K. Mondal, S. Mukherjee, B. Kundu, S. Wongwises, Investigation of the crosswind-
influenced thermal performance of a natural draft counterflow cooling tower, International Journal of 
Heat and Mass Transfer 85 (2015) 1049-1057. 
[101] M. Rahmati, S.R. Alavi, A. Sedaghat, Thermal performance of natural draft wet cooling towers 
under cross-wind conditions based on experimental data and regression analysis, in:  Thermal Power 
Plants (CTPP), 2016 6th Conference on, IEEE, 2016, pp. 1-5. 
175 
 
[102] M.M. Hemmasian Kashani, K.V. Dobrego, Effect of Inlet Window Deflectors on the 
Performance of a Natural-Draft Cooling Tower Subjected to Crosswinds, Heat Transfer Engineering, 
37 (2016) 1293-1301. 
[103] A.F. Du Preez, D.G. KrÖGer, Effect of the Shape of the Tower Supports and Walls on the 
Performance of a Dry-Cooling Tower Subjected to Cross Winds, Heat Transfer Engineering, 16 (1995) 
42-49. 
[104] Y. Chen, F. Sun, H. Wang, N. Mu, M. Gao, Experimental research of the cross walls effect on 
the thermal performance of wet cooling towers under crosswind conditions, Applied Thermal 
Engineering 31 (2011) 4007-4013. 
[105] R. Al-Waked, M. Behnia, Enhancing performance of wet cooling towers, Energy Conversion 
and Management 48 (2007) 2638-2648. 
[106] M.H.K.K.V. Dobrego;, On the influence of guide channel and windbreak walls height on 
performance of natural draft cooling tower subjected to cross winds, in:  17th IAHR International 
Conference on Cooling Tower and Heat Exchanger, Gold Coast, Queensland, Australia, 2015. 
[107] W. Wang, H. Zhang, Z. Li, J. Lv, W. Ni, Y. Li, Adoption of enclosure and windbreaks to 
prevent the degradation of the cooling performance for a natural draft dry cooling tower under 
crosswind conditions, Energy, 116, Part 2 (2016) 1360-1369. 
[108] M.A. Ardekani, M.A. Ranjbar, F. Farhani, Use of guide vanes for improvement of flow pattern 
and enhancement of thermal performance of dry cooling towers, Mechanics & Industry, 18 (2017) 
111. 
[109] K. Wang, F.-z. Sun, Y.-b. Zhao, M. Gao, L. Ruan, Experimental research of the guiding 
channels effect on the thermal performance of wet cooling towers subjected to crosswinds – Air 
guiding effect on cooling tower, Applied Thermal Engineering 30 (2010) 533-538. 
[110] H. Reshadatjoo, N. Pormahmod, S.Y. Moltagh, The effect of cross-winds on an indirect dry 
cooling tower with or without windbreaks, Proceedings of the Institution of Mechanical Engineers, 
Part A: Journal of Power and Energy, 225 (2011) 635-646. 
[111] J. Madad-Nia, H. Koosha, M. Mirzaei, Effect of wind break walls on performance of a cooling 
tower model, Mech. & Aerospace Eng. Journal, 3 (2008) 61-67. 
[112] X. Du, M. Beyers, Numerical Studies on Wind Effects on the Cooling Efficiency of Dry 
Cooling Towers, in:  The Fifth International Symposium on Computation Wind Engineering 
(CWE2010), 2010. 
176 
 
[113] H. Ma, F. Si, Y. Kong, K. Zhu, W. Yan, Wind-break walls with optimized setting angles for 
natural draft dry cooling tower with vertical radiators, Applied Thermal Engineering 112 (2017) 326-
339. 
[114] L. Chen, L. Yang, X. Du, Y. Yang, Performance improvement of natural draft dry cooling 
system by interior and exterior windbreaker configurations, International Journal of Heat and Mass 
Transfer 96 (2016) 42-63. 
[115] H. Ghasemi Zavaragh, M.A. Ceviz, M.T. Shervani Tabar, Analysis of windbreaker 
combinations on steam power plant natural draft dry cooling towers, Applied Thermal Engineering 
99 (2016) 550-559. 
[116] M. Goodarzi, A proposed stack configuration for dry cooling tower to improve cooling 
efficiency under crosswind, Journal of Wind Engineering and Industrial Aerodynamics 98 (2010) 
858-863. 
[117] M. Goodarzi, R. Ramezanpour, Alternative geometry for cylindrical natural draft cooling tower 
with higher cooling efficiency under crosswind condition, Energy Conversion and Management 77 
(2014) 243-249. 
[118] L. Chen, H.-T. Liao, X.-W. Huang, L.-J. Yang, X.-Z. Du, Y.-P. Yang, Thermo-flow 
characteristics of indirect dry cooling system with elliptically arranged heat exchanger bundles 
around a traditional circular cooling tower, Applied Thermal Engineering 121 (2017) 419-430. 
[119] L. Chen, L. Yang, X. Du, Y. Yang, A novel layout of air-cooled condensers to improve thermo-
flow performances, Applied Energy 165 (2016) 244-259. 
[120] Y. Kong, W. Wang, L. Yang, X. Du, Y. Yang, A novel natural draft dry cooling system with 
bilaterally arranged air-cooled heat exchanger, International Journal of Thermal Sciences 112 (2017) 
318-334. 
[121] N. Kapás, Investigation of flow characteristics of Heller-type cooling towers with different 
cooling delta angles, Periodica Polytechnica. Engineering. Mechanical Engineering, 47 (2003) 143. 
[122] M. Gao, L. Zhang, N.-n. Wang, Y.-t. Shi, F.-z. Sun, Influence of non-uniform layout fillings 
on thermal performance for wet cooling tower, Applied Thermal Engineering 93 (2016) 549-555. 
[123] F. Song, Z. Zhiqiang, Numerical investigation of the adverse effect of wind on the heat transfer 
performance of two natural draft cooling towers in tandem arrangement, Acta Mechanica Sinica 17 
(2001) 24-34. 
[124] H. Liao, L. Yang, X. Wu, X. Du, Y. Yang, Impacts of tower spacing on thermo-flow 
characteristics of natural draft dry cooling system, International Journal of Thermal Sciences 102 
(2016) 168-184. 
177 
 
[125] M. Goodarzi, H. Amooie, A proposed heterogeneous distribution of water for natural draft dry 
cooling tower to improve cooling efficiency under crosswind, in:  Thermal Power Plants (CTPP), 
2012 4th Conference on, IEEE, 2012, pp. 1-6. 
[126] X. Wang, L. Yang, X. Du, Y. Yang, Performance improvement of natural draft dry cooling 
system by water flow distribution under crosswinds, International Journal of Heat and Mass Transfer 
108, Part B (2017) 1924-1940. 
[127] J. Smrekar, J. Oman, B. Širok, Improving the efficiency of natural draft cooling towers, Energy 
Conversion and Management 47 (2006) 1086-1100. 
[128] B.K. Hodge, Alternative energy systems and applications, Wiley, Hoboken, NJ, 2010. 
[129] H. Ma, F. Si, L. Li, W. Yan, K. Zhu, Effects of ambient temperature and crosswind on thermo-
flow performance of the tower under energy balance of the indirect dry cooling system, Applied 
Thermal Engineering 78 (2015) 90-100. 
[130] T.J. Bender, D.J. Bergstrom, K.S. Rezkallah, A study on the effects of wind on the air intake 
flow rate of a cooling tower: Part 3. Numerical study, Journal of Wind Engineering and Industrial 
Aerodynamics 64 (1996) 73-88. 
[131] Y.B. Zhao, G. Long, F. Sun, Y. Li, C. Zhang, Numerical study on the cooling performance of 
dry cooling tower with vertical two-pass column radiators under crosswind, Applied Thermal 
Engineering 75 (2015) 1106-1117. 
[132] M.T. Chaibi, K. Bourouni, M.M. Bassem, Experimental Analysis of the Performance of a 
Mechanical Geothermal Water Cooling Tower in South Tunisia, American Journal of Energy 
Research, 1 (2013) 1-6. 
[133] W.M. Hu Sanji, Chen Yu-ling, Large natrual draft cooling tower thermal performance testing 
research in:  The 15th IAHR Cooling Tower and Air-cooled Heat Exchanger Conference, Beijing, 
2011. 
[134] L. Martín, M. Martín, Optimal year-round operation of a concentrated solar energy plant in the 
south of Europe, Applied Thermal Engineering 59 (2013) 627-633. 
[135] M. Martín, Optimal annual operation of the dry cooling system of a concentrated solar energy 
plant in the south of Spain, Energy, 84 (2015) 774-782. 
[136] G. Barigozzi, A. Perdichizzi, S. Ravelli, Wet and dry cooling systems optimization applied to 
a modern waste-to-energy cogeneration heat and power plant, Applied Energy 88 (2011) 1366-1376. 
[137] P. Palenzuela, G. Zaragoza, D.C. Alarcón-Padilla, J. Blanco, Evaluation of cooling technologies 
of concentrated solar power plants and their combination with desalination in the mediterranean area, 
Applied Thermal Engineering 50 (2013) 1514-1521. 
178 
 
[138] P. Habl, A.M. Blanco-Marigorta, B. Erlach, Exergoeconomic comparison of wet and dry 
cooling technologies for the Rankine cycle of a solar thermal power plant, Proceedings of ecos, (2012) 
300-301. 
[139] A.A. Liqreina, Evaluation of dry cooling option for parabolic trough (CSP) plants including 
related technical and economic assessment: Case study a CSP plant in Ma'an, Jordan, CU Theses, 
(2012). 
[140] Y. Ahn, S.J. Bae, M. Kim, S.K. Cho, S. Baik, J.I. Lee, J.E. Cha, Review of supercritical CO2 
power cycle technology and current status of research and development, Nuclear Engineering and 
Technology, 47 (2015) 647-661. 
[141] J. Wang, Z. Sun, Y. Dai, S. Ma, Parametric optimization design for supercritical CO2 power 
cycle using genetic algorithm and artificial neural network, Applied Energy 87 (2010) 1317-1324. 
[142] M. Wang, P. Zhao, Y. Yang, Y. Dai, Performance analysis of energy storage system based on 
liquid carbon dioxide with different configurations, Energy, 93, Part 2 (2015) 1931-1942. 
[143] F.A. Al-Sulaiman, On the auxiliary boiler sizing assessment for solar driven supercritical CO2 
double recompression Brayton cycles, Applied Energy 183 (2016) 408-418. 
[144] X. Wang, Y. Dai, Exergoeconomic analysis of utilizing the transcritical CO2 cycle and the 
ORC for a recompression supercritical CO2 cycle waste heat recovery: A comparative study, Applied 
Energy 170 (2016) 193-207. 
[145] M.A. Reyes-Belmonte, A. Sebastián, M. Romero, J. González-Aguilar, Optimization of a 
recompression supercritical carbon dioxide cycle for an innovative central receiver solar power plant, 
Energy, 112 (2016) 17-27. 
[146] J.D. Osorio, R. Hovsapian, J.C. Ordonez, Dynamic analysis of concentrated solar supercritical 
CO2-based power generation closed-loop cycle, Applied Thermal Engineering 93 (2016) 920-934. 
[147] J.D. Osorio, R. Hovsapian, J.C. Ordonez, Effect of multi-tank thermal energy storage, 
recuperator effectiveness, and solar receiver conductance on the performance of a concentrated solar 
supercritical CO2-based power plant operating under different seasonal conditions, Energy, 115, Part 
1 (2016) 353-368. 
[148] C.S. Turchi, Z. Ma, T.W. Neises, M.J. Wagner, Thermodynamic Study of Advanced 
Supercritical Carbon Dioxide Power Cycles for Concentrating Solar Power Systems, Journal of Solar 
Energy Engineering 135 (2013) 041007-041007. 
[149] R.V. Padilla, Y.C. Soo Too, R. Benito, W. Stein, Exergetic analysis of supercritical CO2 
Brayton cycles integrated with solar central receivers, Applied Energy 148 (2015) 348-365. 
179 
 
[150] J. Moore, R. Grimes, E.J. Walsh, Performance Analysis of a Modular Air Cooled Condenser 
for a Concentrated Solar Power Plant, in:  ASME 2012 International Mechanical Engineering 
Congress and Exposition, Vol. 6, Houston, Texas, USA, 2012, pp. 715-724. 
[151] R. Singh, S.A. Miller, A.S. Rowlands, P.A. Jacobs, Dynamic characteristics of a direct-heated 
supercritical carbon-dioxide Brayton cycle in a solar thermal power plant, Energy, 50 (2013) 194-
204. 
[152] T.M. Conboy, M.D. Carlson, G.E. Rochau, Dry-Cooled Supercritical CO2 Power for Advanced 
Nuclear Reactors, Journal of Engineering for Gas Turbines and Power 137 (2014) 012901-012901. 
[153] S.L. Ellison, M. Rosslein, A. Williams, Quantifying uncertainty in analytical measurement, in:  
Quantifying uncertainty in analytical measurement, Eurachem, 2000. 
[154] E.W. Lemmon, Huber, M.L., McLinden, M.O., NIST Standard Reference Database 23:  
Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 9.1, in, National 
Institute of Standards and Technology, Gaithersburg, 2013. 
[155] J.K. Calautit, H.N. Chaudhry, B.R. Hughes, S.A. Ghani, Comparison between evaporative 
cooling and a heat pipe assisted thermal loop for a commercial wind tower in hot and dry climatic 
conditions, Applied Energy 101 (2013) 740-755. 
[156] D.D. Derksen, T.J. Bender, D.J. Bergstrom, K.S. Rezkallah, A study on the effects of wind on 
the air intake flow rate of a cooling tower: Part 1. Wind tunnel study, Journal of Wind Engineering 
and Industrial Aerodynamics 64 (1996) 47-59. 
[157] X. Xi, L. Yang, Y. He, L. Yang, X. Du, Optimal Design of Large Scale dry Cooling Tower 
with Consideration of Off-design Operation, Energy Procedia, 61 (2014) 190-193. 
[158] C.-C. Chang, S.-S. Shieh, S.-S. Jang, C.-W. Wu, Y. Tsou, Energy conservation improvement 
and ON–OFF switch times reduction for an existing VFD-fan-based cooling tower, Applied Energy 
154 (2015) 491-499. 
[159] T. Ning, D. Chong, M. Jia, J. Wang, J. Yan, Experimental investigation on the performance of 
wet cooling towers with defects in power plants, Applied Thermal Engineering 78 (2015) 228-235. 
[160] G. Upton, I. Cook, Understanding statistics, Oxford University Press, 1996. 
[161] K. Tanimizu, K. Hooman, Natural draft dry cooling tower modelling, Heat and Mass Transfer 
49 (2013) 155-161. 
[162] K.M. Gangawane, Computational analysis of mixed convection heat transfer characteristics in 
lid-driven cavity containing triangular block with constant heat flux: Effect of Prandtl and Grashof 
numbers, International Journal of Heat and Mass Transfer 105 (2017) 34-57. 
180 
 
[163] A. Ozsunar, S. Baskaya, M. Sivrioglu, Numerical analysis of Grashof number, Reynolds 
number and inclination effects on mixed convection heat transfer in rectangular channels, 
International Communications in Heat and Mass Transfer 28 (2001) 985-994. 
[164] M.T. Luu, D. Milani, R. McNaughton, A. Abbas, Dynamic modelling and start-up operation of 
a solar-assisted recompression supercritical CO2 Brayton power cycle, Applied Energy 199 (2017) 
247-263. 
[165] S. He, H. Gurgenci, Z. Guan, A.M. Alkhedhair, Pre-cooling with Munters media to improve 
the performance of Natural Draft Dry Cooling Towers, Applied Thermal Engineering 53 (2013) 67-
77. 
[166] M.F.M. Fahmy, H.I. Nabih, Impact of ambient air temperature and heat load variation on the 
performance of air-cooled heat exchangers in propane cycles in LNG plants – Analytical approach, 
Energy Conversion and Management 121 (2016) 22-35. 
[167] G. Ge, F. Xiao, S. Wang, L. Pu, Effects of discharge recirculation in cooling towers on energy 
efficiency and visible plume potential of chilling plants, Applied Thermal Engineering 39 (2012) 37-
44. 
[168] J.H. Lee, M. Moshfeghi, Y.K. Choi, N. Hur, A numerical simulation on recirculation 
phenomena of the plume generated by obstacles around a row of cooling towers, Applied Thermal 
Engineering 72 (2014) 10-19. 
[169] W.L. Zhao, P.Q. Liu, Experimental researches of the effect of environmental wind on thermal 
recirculation under the tower of direct air cooled system, Dongli Gongcheng/Power Engineering, 28 
(2008) 390-394. 
[170] O. Jörg, R. Scorer, An experimental study of cold inflow into chimneys, Atmospheric 
Environment (1967), 1 (1967) 645IN3647-3646IN5654. 
[171] E.M. Sparrow, G.M. Chrysler, L.F. Azevedo, Observed Flow Reversals and Measured-
Predicted Nusselt Numbers for Natural Convection in a One-Sided Heated Vertical Channel, Journal 
of Heat Transfer 106 (1984) 325-332. 
[172] V. Modi, K. Torrance, Experimental and numerical studies of cold inflow at the exit of buoyant 
channel flows, ASME J. Heat Transfer, 109 (1987) 392-399. 
[173] T.S. Fisher, K.E. Torrance, Experiments on Chimney-Enhanced Free Convection, Journal of 
Heat Transfer 121 (1999) 603-609. 
[174] C.-M. Chu, M.M. Rahman, S. Kumaresan, Effect of cold inflow on chimney height of natural 
draft cooling towers, Nuclear Engineering and Design 249 (2012) 125-131. 
181 
 
[175] C.C.M. Chu, M.M. Rahman, A Method to Achieve Robust Aerodynamics and Enhancement of 
Updraft in Natural Draft Dry Cooling Towers, (2009) 817-823. 
[176] M. Lemouari, M. Boumaza, A. Kaabi, Experimental investigation of the hydraulic 
characteristics of a counter flow wet cooling tower, Energy, 36 (2011) 5815-5823. 
[177] E.M. Sparrow, J.P. Abraham, W.J. Minkowycz, Flow separation in a diverging conical duct: 
Effect of Reynolds number and divergence angle, International Journal of Heat and Mass Transfer 52 
(2009) 3079-3083. 
[178] M.J. Lucas, J.M. Buchlin, A Study of Cold Air Inflow into a Vertical Heated Tube, in:  Fifth 
International Association for Hydraulic Research Cooling Tower Workshop, 1986, 1986. 
[179] E. Richter, Untersuchung der Strömungsvorgänge am Austritt von Naturzugkühltürmen und 
deren Einfluss auf die Kühlwirkung, in, Vol. Doctoral thesis, Technische Universität, Dresden, 1969. 
[180] P. Gould, W. Krätzig, Cooling Tower Structures, in:  Handbook of Structural Engineering, 
Second Edition, CRC Press, 2005. 
[181] P. Ma, L.-S. Wang, N. Guo, Modeling of hydronic radiant cooling of a thermally homeostatic 
building using a parametric cooling tower, Applied Energy 127 (2014) 172-181. 
[182] X. Xi, L. Yang, Y. He, L. Yang, X. Du, Optimal Design of Large Scale dry Cooling Tower 
with Consideration of Off-design Operation, Energy Procedia, 61 (2014) 190-193. 
[183] M. Goodarzi, R. Keimanesh, Heat rejection enhancement in natural draft cooling tower using 
radiator-type windbreakers, Energy Conversion and Management 71 (2013) 120-125. 
[184] W. Wang, H. Zhang, P. Liu, Z. Li, J. Lv, W. Ni, The cooling performance of a natural draft dry 
cooling tower under crosswind and an enclosure approach to cooling efficiency enhancement, 
Applied Energy  
[185] C.-J. Zhao, J.-W. Han, X.-T. Yang, J.-P. Qian, B.-L. Fan, A review of computational fluid 
dynamics for forced-air cooling process, Applied Energy 168 (2016) 314-331. 
[186] A.R. Doodman, M. Fesanghary, R. Hosseini, A robust stochastic approach for design 
optimization of air cooled heat exchangers, Applied Energy 86 (2009) 1240-1245. 
 
 
